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Introduction
In the mid-1950s, Robert Hanbury Brown and Richard Twiss invented a method of photon
intensity interferometry for the measurement of angular sizes of stars. It is often referred to as
the HBT method [1] [2] [3]. In 1959 – 1960, Gerson Goldhaber, Sulamith Goldhaber, Wonyong
Lee and Abraham Pais discovered that identical charged pions produced in p − p¯ annihilation
are correlated (so called GGLP effect). Both the HBT and the GGLP effects are based on Bose-
Einstein correlations. Later Fermi-Dirac correlations for nucleons have also been observed [4] [5]
[6].
When two identical particles are close in momentum space, the GGLP effect causes that their
momentum difference decreases (they move towards each other in momentum space). According
to the Pauli exclusion principle, two identical fermions cannot occupy the same quantum state
simultaneously. Therefore this effect only occurs when dealing with bosons, which is a reason
for the name Bose-Einstein correlations. BEC studies are interesting, because they provide a way
to determine the space-time characteristics of the source of particles. One component of BEC
models is the choice of a source emission probability function, which is expressed in terms of
source effective size (or more sizes in case of an asymmetric source). Thus a measurement of
BEC gives a possibility to analyze some characteristics of the hadronization region.
The parameters of some Bose-Einstein correlation functions for mesons were experimentally
measured by several experiments. Their results are summarized in Appendix A.
In this thesis, a study of the Bose-Einstein correlations of like-sign charged boson pairs (mainly
pi±) is presented. The data were collected by the ATLAS experiment at the LHC in 7TeV proton-
proton collisions. Bose-Einstein results from ATLAS at 0.9 and 7 TeV using unlike-sign pairs
reference sample have been submitted to Eur. Phys. J. C for publication [7].
In the first chapter, the origin and the idea of Bose-Einstein correlations is introduced. Three
different ways of approaching the BEC theory are described: the wave function approach, the
quantum optical approach and the τ model. Finally the procedure of treating the experimental
data is discussed.
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Introduction
In the second chapter, the ATLAS experiment is described. First, the properties of the Large
Hadron Collider and their impact on the ATLAS experimental setup are mentioned. Then the com-
ponents, particle detection principles and physical objectives of the ATLAS detector are reviewed.
Finally some resolution effects in the ATLAS detector are discussed.
In the third chapter, some properties of the data and MC samples as well as track and event
selection criteria are summarized. Finally, track corrections applied to data and multiplicity un-
folding to the measurement level are treated.
In the fourth chapter, studies concerning the choice of a reference sample are presented. A
good reference sample should include all the same correlations as the signal sample, except BEC.
Four different reference samples are studied and one of them is chosen for the analysis presented
in this thesis.
In the fifth chapter, the results are presented. Several fitting functions corresponding to the
three BEC models described in the first chapter are applied. The fit results are studied as functions
of track multiplicity, pair transverse momentum and hadron transverse momentum. Finally, the
systematic effects are examined.
In the final, sixth chapter, the results are summarized and compared to those obtained by the
experiments ALICE and CMS in proton-proton collisions at the same energy as used in this thesis.
2
Chapter 1
Bose-Einstein correlations
In this chapter, we describe the origin and the idea of Bose-Einstein correlations (BEC). For
this purpose, we shall follow the explanation given in [8] and [9]. We will describe two ways of
approaching the BEC theory: the wave function approach, and the quantum optical approach. The
first one is only a particular case of the second one. However, it is still useful because sometimes
it allows a more intuitive understanding of certain concepts, for example the distinction between
boson and fermion correlations. We will start therefore with the wave function approach. Further,
we will describe the τ model [10] [11], which provides a different approach to BEC.
1.1 The wave function approach
1.1.1 Quantum mechanical description of a particle source
Let us start with the aim to describe a source of particles in terms of quantum mechanics. First,
we consider a particle source consisting of discrete emission points (indexed by i). Each of these
points is characterized by its amplitude of probability to produce a particle at space point r (later
referred to as a probability amplitude)
Fi(r) = Fiδ(r− ri). (1.1)
Let us denote the wave function of an emitted particle with momentum k as ψk(r) (or for simplic-
ity without the k dependence explicitly specified as ψ(r)). The total probability P (k) of observing
the emission of one particle with momentum k from the whole source is obtained by summing the
contribution Fiψk(ri) over all points i. This summation can be performed in two ways:
(i) coherently: the phases of the discrete amplitudes Fi act coherently, thus requiring summa-
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tion of amplitudes.
(ii) incoherently: the phases of the discrete amplitudes Fi do not act coherently, thus allowing
the summation of probabilities.
The coherent single-particle probability thus is given by
PC(k) =
∣∣∣∣∣∑
i
Fiψ(ri)
∣∣∣∣∣
2
, (1.2)
while the incoherent single-particle probability is
PI(k) =
∑
i
|Fiψ(ri)|2 . (1.3)
Now, instead of discrete emission points, we consider a source whose points are continuously
distributed in space. For simplicity, we further assume that the wave functions are plane waves
ψ(r) ∼ exp(ikr). Then the sum over space points will be replaced by an integral and we get
PC(k) =
∣∣∣∣∫ F (r)ψk(r)d3r∣∣∣∣2 (1.4)
and
PI(k) =
∫
|F (r)ψk(r)|2 d3r =
∫
|F (r)|2 d3r. (1.5)
Let us introduce a two-particle wave function ψk1,k2(r1, r2). Then similarly to the single-
particle case, the coherent and incoherent probabilities of observing two particles with momenta
k1,k2 are
PC(k1,k2) =
∣∣∣∣∫ ψk1,k2(r1, r2)F (r1)F (r2)d3r1d3r2∣∣∣∣2 (1.6)
and
PI(k1,k2) =
∫
|ψk1,k2(r1, r2)F (r1)F (r2)|2 d3r1d3r2
=
∫
|ψk1,k2(r1, r2)|2 f(r1)f(r2)d3r1d3r2, (1.7)
where f(r) = |F (r)|2 is the source emission probability function.
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1.1.2 Two boson wave function
For the purposes of our study, we consider two identical bosons (for example, two like-signed
pions) which are emitted from the source (see Fig. 1.1).
Figure 1.1: The two indistinguishable cases (full lines and dashed lines) that describe the emission
of two identical bosons, pi1 and pi2, emerging from the two points, r1 and r2, which lie within an
emitter volume, and are detected at the positions x1 and x2 [12].
As depicted above, the single particle wave function is assumed to be a plane wave1 ψk(r) ∼
eikr. Assuming further that we deal with two identical bosons, the two boson wave function has
to be symmetrical under particle exchange. This leads us to the symmetrical form of the wave
function
ψk1,k2(r1, r2) =
1√
2
[
ei(k1r1+k2r2) + ei(k1r2+k2r1)
]
. (1.8)
For Eq. 1.7, we need to calculate the square of the wave function modulus:
|ψk1,k2(r1, r2)|2 =
1
2
[
ei(k1r1+k2r2) + ei(k1r2+k2r1)
] [
e−i(k1r1+k2r2) + e−i(k1r2+k2r1)
]
= 1 +
1
2
[
eiqr1 e−iqr2 + e−iqr1 eiqr2
]
, (1.9)
where q = k1 − k2 is the particle momentum difference.
Substituting the two boson wave function (Eq. 1.8) in Eq. 1.6 yields the coherent two-particle
boson probability
PC(k1,k2) =
∣∣∣F˜ (k1)F˜ (k2)∣∣∣2 = ∣∣∣F˜ (k1)∣∣∣2 ∣∣∣F˜ (k2)∣∣∣2 , (1.10)
where F˜ (k) is the Fourier transform of F (r).
1In the incoherent case we can set the phase to 0.
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Similarly, Eq. 1.7 and Eq. 1.9 yield the incoherent two-particle boson probability
PI(k1,k2) =
∣∣∣f˜(0)∣∣∣2 + ∣∣∣f˜(k1 − k2)∣∣∣2 , (1.11)
where f˜(k) is the Fourier transform of f(r).
Eq. 1.10 shows that the coherent two-particle boson probability factorizes into contributions
from each momentum separately and is equal to a simple product of two single-particle proba-
bilities. However, the incoherent two-particle boson probability (Eq. 1.11) does not factorize and
contains a term which depends on the momentum difference of two bosons q = k1 − k2. This
leads us to introduce a correlation function of two identical bosons
C2(k1,k2) =
P (k1,k2)
P (k1)P (k2)
, (1.12)
where P (k1,k2) is the two-particle probability density, while P (k1) and P (k2) represent single-
particle probability densities. The C2 correlation function constructed in this way is always equal
to 1 for the coherent case. For the incoherent case, the C2 correlation function is greater than 1
C2(k1,k2) = 1 +
∣∣∣f˜(k1 − k2)∣∣∣2∣∣∣f˜(0)∣∣∣2 . (1.13)
1.1.3 Static Gaussian source model
Let us assume that the particle source is of a spherical shape and thus can be described by a
single parameter—radius. Further, we assume that the source emission probability has a Gaussian
distribution, which means that the probability is decreasing with the distance from the source
center
f(r) =
1(√
2piR
)3 e− r22R2 , (1.14)
whereR is the width (standard deviation) of the Gaussian distribution. Using the Fourier transform
of Eq. 1.14, Eq. 1.13 (incoherent case) becomes
C2(k1,k2) = 1 +
∣∣∣f˜(k1 − k2)∣∣∣2∣∣∣f˜(0)∣∣∣2 = 1 + e−q
2R2 . (1.15)
Up to now the q = k1 − k2 was the simple three-momentum difference of a particle pair.
However, in the center of mass frame of the pair, we can replace the three-momentum vector by
6
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the four-momentum vector, because the energy difference is zero2. Thus Eq. 1.15 can be rewritten
as
C2(Q) = 1 + e
−Q2R2 , (1.16)
where Q2 = −(k1 − k2)2 = M2 − 4m2 is a relativistic invariant, where k1, k2 are 4-momentum
vectors, M is the invariant mass of the two particle system and m is the invariant mass of a single
particle. One can obtain the C2 function by measuring a single scalar quantity Q.
We have assumed a static source independent of time. Since the source is not really static, the
value of R is not strictly its spatial radius, but it also reflects the temporal structure of the source.
It describes the space-time structure of the source3. The inclusion of a finite source lifetime can
also be proposed [13].
From the very beginning, the BEC experiments have shown that the extrapolation of the cor-
relation function to q = 0 seldom led to the maximum value C2(0) = 2 permitted by Eq. 1.16.
To take into account this effect empirically a factor λ was introduced [14] leading to the following
modification of Eq. 1.16:
C2(Q) = 1 + λ e
−Q2R2 , (1.17)
where λ is postulated to be limited by 〈 0, 1 〉. It is often called the incoherence factor4, since λ = 0
corresponds to a completely coherent source5, while λ = 1 corresponds to a completely chaotic
one. One initially thought that formally this generalization offers also the possibility to describe
partially coherent sources, which would lead to an intermediate value of λ. Unfortunately, it is not
quite correct, as will be explained in Sec. 1.2.5.
Further, λ is reduced by inclusion of particle pairs having no Bose-Einstein correlations, such
as non-identical particles (due to mis-identified particles) or pairs with one boson produced directly
and the other from a long-lived resonance decay [15].
1.1.4 Cauchy-Lorentzian source model
In some experiments, the C2(Q) function was observed to decrease more steeply than pre-
dicted by Eq. 1.17. A better description of C2(Q) was given by the Cauchy-Lorentzian source
model.
As in the Gaussian source model we assume that the particle source is of a spherical shape and
2Since the two particles are identical, their masses are equal.
3In fact, it is neither a radius nor a lifetime of a source, but a combination of these two quantities.
4or strength parameter, as it indicates the strength of the Bose-Einstein correlations effect
5λ = 0 implies C2(Q) = 1, which is the value obtained for the coherent C2 function (Eq. 1.10 substituted in
Eq. 1.12)
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is described by a single parameter. Further, we assume that the source emission probability has
a Cauchy-Lorentz distribution, which means that the probability decreases with the distance from
the source center
f(r) =
1
pi
R
2
r2 +
(
R
2
)2 , (1.18)
where R specifies the full-width at half-maximum (FWHM) of the Cauchy-Lorentz distribution
and characterizes the source radius. Using the Fourier transform of Eq. 1.18, changing the three-
momentum vector to four-momentum vector and introducing the incoherence factor λ, Eq. 1.13
becomes
C2(Q) = 1 + λe
−QR. (1.19)
Both the Gaussian and the Cauchy-Lorentz distributions are special cases of the symmetric
Lévy distribution, which has an additional parameter α called the index of stability (0 < α ≤ 2).
Assuming a symmetric Lévy distribution in coordinate space leads to
C2(Q) = 1 + λe
−(QR)α . (1.20)
1.1.5 C2(Q) fitting functions
For the experimental data evaluation, two additional factors are introduced in the fitting func-
tion. One of them, C0, is just a normalization constant. The other one, (1 + εQ) is used to take
into account long-distance correlations which are not adequately removed from the single-particle
probability densities (in the ideal case ε = 0). Including these two factors, we get the following
forms of the C2(Q) fitting functions:
• The Goldhaber parametrization [16] of a static Gaussian source
C2(Q) = C0
[
1 + λe−Q
2R2
]
(1 + εQ), (1.21)
which assumes a spherical shape with a radial Gaussian distribution of the source.
• The exponential parametrization of a static source
C2(Q) = C0
[
1 + λe−QR
]
(1 + εQ), (1.22)
which assumes a spherical shape with a radial Cauchy-Lorentz distribution of the source.
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• The symmetric Lévy parametrization of a static source
C2(Q) = C0
[
1 + λe−(QR)
α
]
(1 + εQ), (1.23)
which assumes a spherical shape with a radial symmetric Lévy distribution (with index of
stability α) of the source.
Let us note here, that in Eq. 1.21 – 1.23, the same symbol R is used. However, its meaning is
for each function different. Therefore one cannot expect to get the same value of R for different
fitting functions6.
1.1.6 Limitations of the wave function formalism.
There are several limitations of the wave function formalism presented in the previous sections.
Up to now we have relied in the construction of the C2(Q) function on two basic quantities:
the source emission probability, which was usually assumed to have a Gaussian form, and the
two boson plane wave function. In addition to that we have assumed an incoherent summing
of emission sources (see Eq. 1.7) and only later have we modified the expression of the C2(Q)
function, introducing λ in an ad hoc fashion, to include a possible coherence. Thus, the source
coherence is introduced into this model empirically. We will see in the Sec. 1.2 that this approach
can be avoided.
We have made an assumption that two and only two bosons are produced in a collision. Thus
in Eq. 1.8 the two boson plane-wave function is assumed without any correction to the many body,
strongly interacting system which in reality is created. In fact, to obtain a correct wave function,
one would have to solve the Schrodinger equation which describes the two bosons in the presence
of all the other particles produced.
Another thing is that although at the beginning we are dealing with two independent variables,
momenta k1 and k2,C2(Q) depends only on their difference k1−k2. One may expect the number
of degrees of freedom to remain unchanged and therefore the C2(Q) function to depend also on
their sum k1 + k2.
1.2 Quantum optical methods in BEC
In high-energy processes where there is a large pion multiplicity, one may in general expect
the methods of quantum statistics to be useful. These methods have been applied with great suc-
6 The first moment of the exponential distribution is 1/R(E), while for the Gaussian one, it is 1/(R(G)
√
pi). Thus
rather than comparing the R(E) to R(G), the R(E) could be compared to R(G)
√
pi.
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cess particularly in quantum optics, superfluidity, superconductivity, etc. The difference between
optical and particle physics phenomena is in conservation laws and final state interactions which
are present in hadron physics. At high energies and high multiplicities the conservation laws can
be neglected. Neglecting the final state interactions too, quantum statistics reduces to quantum
optics and we may take over the formalism of quantum optics to interpret the data on multi-pion
production at high energies [8].
We will start the description of the quantum optical approach to BEC introducing some ele-
ments of quantum mechanics. Further details can be found for example in [17].
1.2.1 Second quantization
In first quantization particle coordinates are quantized, while the wave function is left at a
classical level. In second quantization the wave function is also quantized. All physical operators
are expressed through the creation a† and annihilation a operators, which satisfy the commutation
relations for bosons
[ak, ak′ ] = [a
†
k, a
†
k′ ] = 0, [ak, a
†
k′ ] = δkk′ (1.24)
and anticommutation relations for fermions
{ak, ak′} = {a†k, a†k′} = 0, {ak, a†k′} = δkk′ . (1.25)
Further, the number operator a†kak is introduced, with eigenstates |nk〉 and eigenvalues nk:
a†kak|nk〉 = nk|nk〉. (1.26)
The states |n〉 are called number states or Fock states and the corresponding representation is the
number or Fock representation. Application of the annihilation and creation operators to the Fock
states leads to the following fundamental relations:
ak|nk〉 = √nk|nk − 1〉,
a†k|nk〉 =
√
nk + 1|nk + 1〉. (1.27)
Then all Fock states can be obtained from the vacuum state |0〉 by succesive application of the
creation operator:
|nk〉 =
(a†k)
nk
√
nk!
|0〉, nk = 0, 1, 2, ... (1.28)
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The Fock states are orthogonal and form a complete set:
〈nk|mk〉 = δnm, (1.29)
∞∑
nk=0
|nk〉〈nk| = 1. (1.30)
The Fock representation is very useful as long as the number of particles is small or conserved.
However, in laser physics as well as in high-energy particle physics, multiparticle production is
one of the most characteristic phenomena and the number of particles varies from event to event.
For these situations another representation is more useful: it is the coherent state representation.
1.2.2 Coherent states
Coherent states are a specific kind of quantum state of the quantum harmonic oscillator, with
a special feature: by taking out one particle from these states we recover the same state. Math-
ematically this can be achieved by requiring coherent states to be eigenstates of the annihilation
operator:
a|α〉 = α|α〉. (1.31)
Since a is a non-Hermitian operator, its eigenvalues α are complex numbers which can be repre-
sented as α = |α|eiθ, where |α| and θ are called the amplitude and phase of the state. In general,
the states |α〉 depend on physical variables like momenta, coordinates and quantum numbers, usu-
ally called mode k. For simplicity the mode dependence of the operators, states and eigenvalues
is not written explicitly. Since the Fock states |n〉 form a complete orthonormal set, the coherent
states |α〉 can be expanded in terms of them:
|α〉 =
∞∑
n=0
|n〉〈n|α〉 (1.32)
To calculate the expansion coefficients 〈n|α〉, we take the scalar product of both sides of Eq. 1.31
with 〈n| and use Eq. 1.28:
√
n+ 1〈n+ 1|α〉 = α〈n|α〉
1
α
√
n+ 1〈0| (a)
n+1√
(n+ 1)!
|α〉 = 〈n|α〉
αn√
n!
〈0|α〉 = 〈n|α〉 (1.33)
11
1.2. Quantum optical methods in BEC 1. Bose-Einstein correlations
Choosing normalization condition |〈α|α〉|2 = 1, one gets:
〈0|α〉 = e− |α|
2
2 (1.34)
Then substituting Eq. 1.33 and Eq. 1.34 in Eq. 1.32 one gets the solution of the eigenstate from
Eq. 1.31 using the representation in the basis of Fock states:
|α〉 = e− |α|
2
2
∞∑
n=0
αn√
n!
|n〉 (1.35)
The probability to have multiplicity n in the coherent state |α〉 is
Pn(α) = |〈n|α〉|2 = e−|α|2 (|α|
2)n
n!
, (1.36)
which means that the particle multiplicity in coherent states has a Poissonian distribution with
both, the mean value and the variance (∆n)2 equal to |α|2.
Thus, the coherent state |α〉 does not refer to a Fock state with a definite multiplicity or energy.
Rather it represents a whole spectrum of states with different multiplicities. For example one
should not interpret the state |α = 1〉 as a single Fock state with the multiplicity equal to 1, but
as a superposition of the multiplicity states for which the particle multiplicity is distributed by the
Poisson distribution with the mean value equal to 1.
Although the coherent states are different from the Fock states, there is one state common to
both, the vacuum state. Indeed, the vacuum state |0〉 is an eigenstate of the number operator a†kak
(with the eigenvalue 0) as well as of the annihilation operator a.
Coordinate (x) and momentum (p) can be written as operators in terms of a quantum oscillator:
xˆ =
√
~
2mω
(a† + a)
pˆ = i
√
~mω
2
(a† − a) (1.37)
By xˆ, pˆ we understand operators while their eigenvalues are denoted by x, p. Mean values of the
coordinate xˆ and momentum pˆ operators for the coherent state |α〉 are (using the Eq. 1.31):
〈α|xˆ|α〉 =
√
~
2mω
〈α|(|α|eiθ + |α|e−iθ)|α〉 =
√
2~
mω
|α| cos θ
〈α|pˆ|α〉 = i
√
~mω
2
〈α|(|α|eiθ − |α|e−iθ)|α〉 =
√
2~mω |α| sin θ. (1.38)
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Thus in terms of the coherent state amplitude |α| and phase θ, the quantum oscillator coordinate
(position x and momentum p) eigenstates are:
X = |α| cos(θ)
P = |α| sin(θ), (1.39)
where
X = x
√
mω
2~
, P = p
√
1
2~mω
(1.40)
are new dimensionless coordinates. In terms of these dimensionless coordinates the Heisenberg
uncertainty relation (∆p∆x ≥ ~2 ) reads:
∆P ∆X =
√
mω
2~
√
1
2~mω
∆p∆x ≥ 1
2~
~
2
=
1
4
. (1.41)
The variances of Xˆ , Pˆ operators for coherent states are:
(∆X)2 = 〈Xˆ2〉 − 〈Xˆ〉2 = 1
4
〈α|(a† + a)2|α〉 − 1
4
(〈α|(a† + a)|α〉)2 = 1
4
(∆P )2 = 〈Pˆ 2〉 − 〈Pˆ 〉2 = −
[
1
4
〈α|(a† − a)2|α〉 − 1
4
(〈α|(a† − a)|α〉)2
]
=
1
4
(1.42)
Then
∆P = ∆X =
1
2
, (1.43)
which means two interesting things. First, in general the Heisenberg uncertainty relation reads:
∆P∆X ≥ 14 . In coherent states this uncertainty relation is saturated, i.e. the product of uncer-
tainties reaches its minimum: ∆P∆X = 14 . This is sometimes also considered as a definition
of coherent states and it means that these states permit the maximum localization still compatible
with quantum physics and are thus as close as possible to classical physics. Secondly, the coherent
states require that the uncertainties in dimensionless variables P and X are equal: ∆P = ∆X .
According to Eq. 1.39, theX and P coordinates are projections of |α| on the phase space axes.
Therefore the phase space volume element ∆X∆P can be expressed in terms of polar coordinates
|α| and θ. Using the Heisenberg uncertainty relation for X and P , in the case of a coherent state,
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we get7:
1
4
= ∆P ∆X = |α|∆α∆θ = 1
2
∆θ|α|, (1.44)
which means that the relation between the phase fluctuation and intensity amplitude is ∆θ|α| =
1
2 . There is thus a tradeoff between multiplicity uncertainty and phase uncertainty ∆θ∆n ' 12
which can sometimes be interpreted as the multiplicity-phase uncertainty relation. It is not a
formal Heisenberg uncertainty relation, as there is no uniquely defined phase operator in quantum
mechanics.
1.2.3 Squeezed states
Squeezed states are generalized coherent states. There are several equivalent definitions of the
squeezed states, for example that they are eigenstates |β〉s of a two-particle annihilation operator:
b|β〉s = β|β〉s (1.45)
where
b = µa+ νa† (1.46)
with
|µ|2 − |ν|2 = 1. (1.47)
The operator b can be viewed as representing a particle-antiparticle pair and in this context squeezed
states were used in the theory of superconductivity to describe electron-hole pairs.
We will use also another definition, which says that the Heisenberg uncertainty relation re-
mains minimized ∆P∆X = 14 , but the uncertainty is not balanced between X and P (∆X 6=
∆P ).
It has been found in [18] that squeezed states appear naturally when dealing with rapid phase
transitions (explosions). It is assumed that a fast phase transition between the phase A, described
by the free field annihilation and creation operators a, a†, and the phase B, described by the
corresponding squeezed operators b, b† is fast enough that the relation between the creation and
annihilation operators remains unchanged. This can be mathematically expressed by postulating
the following relations between generalized coordinate xˆ and generalized momentum pˆ at the
7We use ∆α = 1
2
which follows from the fact that |α|2 is the mean value, as well as the variance of the multiplicity
distribution: |α| = ∆n = ∆|α|2 = 2|α|∆α.
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moment of the transition:
xˆ =
1√
2Eb
(b† + b) =
1√
2Ea
(a† + a)
pˆ = i
√
Eb
2
(b† − b) = i
√
Ea
2
(a† − a), (1.48)
where, Ea and Eb are characteristic oscillator mode constants reflecting basic oscillator frequen-
cies in phase A and B, respectively (using c = ~ = 1, Ea = mωa, with ωa being a characteristic
oscillator frequency in the phase A). From this equation, valid for each mode variable, it follows
that the a and b operators are related:
a = b cosh(r) + b† sinh(r)
a† = b sinh(r) + b† cosh(r), (1.49)
where r = r(p) = 12 log(Ea/Eb).
One can see, that Eq. 1.49 is equivalent to the definition of the two-particle annihilation oper-
ator (Eq. 1.46) with
µ = cosh r, ν = sinh r, (1.50)
which satisfy the Eq. 1.47. Thus the two definitions of squeezed states mentioned above are
equivalent.
1.2.4 Expansion of states in terms of coherent states
Any arbitrary state can be expressed in terms of coherent states since they form a complete set
of states:
1
pi
∫
|α〉〈α|d2α = 1, (1.51)
where the differential element d2α = d(<{α})d(={α}) as α is a complex number.
Let us start with the expansion to Fock states. A state |f〉 can be expanded using Eq. 1.28
|f〉 =
∑
n
cn|n〉 =
∑
n
cn
(a†)n√
n!
|0〉 (1.52)
with ∑
n
|cn|2 = 1 (1.53)
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One can define a function of a complex variable z, which is analytic in the complex plain
f(z) =
∑
n
cn
zn√
n!
(1.54)
The function f has to satisfy Eq. 1.53. Then it can be considered as the element of a Hilbert space
and an arbitrary state can be associated with the function f by
|f〉 = f(a†)|0〉 (1.55)
When substituting Eq. 1.55 and Eq. 1.34 in Eq. 1.51, one gets the expansion of the arbitrary state
|f〉 in terms of the coherent states |α〉:
|f〉 = 1
pi
∫
|α〉f(α∗)e− |α|
2
2 d2α. (1.56)
Of particular use is the expansion of the density matrix ρ in terms of the coherent states. For a
pure coherent state the density operator is
ρ = |α〉〈α|. (1.57)
For a squeezed state the density operator can by expressed in terms of coherent states:
ρ = |β〉s〈β|s =
∫
P (α)|α〉〈α|d2α, (1.58)
where P (α) is a weight function with the meaning of a probability. The coherent state represen-
tation is particularly important for correlation studies because in this representation all correlation
functions can be expressed in terms of the creation and annihilation operators a† and a of the fields
(particles). This follows from the Fourier expansion of an arbitrary field in second quantization:
pi(x) =
∑
k
[
ake
−ikx + a†ke
ikx
]
(1.59)
The knowledge of P (α) practically means the knowledge of the density matrix and thereby
it also describes the squeezed states. However, the exact form of P (α) is not accessible and one
has to choose it. The most natural choice of P (α) is the Gaussian form, which introduces a
mathematical simplification and is frequently encountered in many-body physics [9].
We can regard the high multiplicity production of particles as a fast phase transition from
a pion liquid, described by the operators b and b†, to a free pion system, described by the free
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creation and annihilation operators a and a†. It is assumed to be fast enough that the relations
between annihilation and creation operators (Eq. 1.48) are valid. If we know the density operator
for the pion liquid (Eq. 1.58) we can then say something about the space-time characteristics of
the source. We can construct ρ using the known free pion system operators and the chosen weight
function P (α), e.g., a Gaussian. As shown below, this suffices to determine the correlation func-
tion.
1.2.5 Correlation functions
The first-order correlation function reads [9]:
G1(x1, x2) = Tr[ρpi
†(x1)pi(x2)]. (1.60)
In quantum optics one often uses a phenomenological representation of the first-order correlation
function. For stationary fields the following two-particle parametrizations are often used:
• Gaussian spectrum:
G1(x1, x2) = 〈nch〉e−
|x1−x2|2
ξ2 (1.61)
• Lorentzian spectrum:
G1(x1, x2) = 〈nch〉e−
|x1−x2|
ξ (1.62)
where ξ is the coherence length in x-space and 〈nch〉 is the mean number of particles associated
with the chaotic fields.
The nth-order correlation function Cn is defined as
Gn(x1, ..., xn, xn+1, ..., x2n) = Tr[ρpi
†(x1)...pi†(xn)pi(xn+1)...pi(x2n)]. (1.63)
Here ρ is the density matrix defined by Eq. 1.58 and pi(r) is an arbitrary field. Expanding this field
in terms of the annihilation and creation operators (Eq. 1.59), one obtains the nth-order correlation
function in momentum space
Gn(k1, ...,kn,kn+1, ...,k2n) = Tr[ρa
†
1(k1)...a
†
n(kn)an(kn)...a1(k1)]. (1.64)
The normalized second-order C2 correlation function is defined as the ratio of second order
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correlation function and first-order correlation functions
C2(k1,k2) =
G2(k1,k2)
G1(k1)G1(k2)
. (1.65)
The coherent states lead to C2 = 1. Purely coherent or purely chaotic fields are just extreme
cases. In general one expects a superposition of the coherent and chaotic fields:
pi = picoh + pich. (1.66)
where coh indicates coherent and ch chaotic fields.
The normalized second-order correlation function then becomes for a Gaussian spectrum
C2 = 1 + 2p(1− p)e−
|x1−x2|2
ξ2 + p2e
−2 |x1−x2|2
ξ2 (1.67)
and for a Lorentzian spectrum
C2 = 1 + 2p(1− p)e−
|x1−x2|
ξ + p2e
−2 |x1−x2|
ξ , (1.68)
where p is called chaoticity and is defined as the fraction of particles coming from the chaotic
source
p =
〈nch〉
〈n〉 =
〈|pich|2〉
〈|pi|2〉 , (1.69)
where 〈nch〉 is the mean number of particles due to the chaotic source (fields) and 〈n〉 is the total
number of particles. Obviously 0 ≤ p ≤ 1 and 〈n〉 = 〈nch〉 + 〈ncoh〉. p = 0 means purely
coherent sources, while p = 1 totally chaotic sources.
It was proposed that the analogy time-rapidity should be used when going over from optics to
particle physics [19]. Indeed, in optics processes are usually stationary in time while in particle
physics the corresponding stationary variable (in the rapidity plateau region) is rapidity. Rapidity
together with the transverse momentum characterize completely the kinematical variables of a
particle. However, in particle physics, there is a privileged single variable, namely the squared
momentum difference Q defined in Sec. 1.1.3. Its great advantages are that it is a relativistic
invariant and it involves all four components of the momenta simultaneously. In terms of Q, the
normalized second-order correlation function is for the Gaussian parametrization [20]
C2(Q) = C0
[
1 + 2p(1− p)e−R2Q2 + p2e−2R2Q2
]
(1 + εQ) (1.70)
and for the Lorentzian parametrization
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C2(Q) = C0
[
1 + 2p(1− p)e−RQ + p2e−2RQ] (1 + εQ), (1.71)
where parameters C0 and ε are introduced from the same reason as described in Sec. 1.1.5. Let
us note here, that similarly as in Sec. 1.1.5, in Eq. 1.70 and Eq. 1.71 the same symbol R is used.
However, its meaning is for each function different. Therefore one cannot expect to get the same
values of R for both functions.
One can see that Eq. 1.21 and Eq. 1.22 are particular cases of Eq. 1.70 and Eq. 1.71 with
p = λ = 1. Further, Eq. 1.70 and Eq. 1.71 have the same number of free parameters as Eq. 1.21
and Eq. 1.22. It means that one can avoid introducing the ad hoc λ parameter using the quantum
optical model. Further, one can see that λ does not describe partial coherence as its name would
imply. The presence of coherence introduces a new term into the C2(Q) function.
1.3 τ model
We will also consider a parametrization suggested by the τ model [10] [11]. Unlike the previ-
ous parametrizations it assumes a particular form for the time dependence of the particle emission.
This model is inspired by the string picture of fragmentation. It assumes that in the overall cen-
ter of mass frame, the average production point of particles, x¯µ = (t¯, r¯x, r¯y, r¯z), with a given
four-momentum kµ is given by
x¯µ(kµ) = aτkµ, (1.72)
where, for isotropically distributed particle production, τ =
√
t¯2 − r¯2x − r¯2y − r¯2z is the proper-
time and a = 1/m where m is the particle mass. In e+e− anihilation the τ model provides a
good description of BEC in two-jet events [21]. In this case, τ =
√
t¯2 − r¯2z is the longitudinal
proper-time and a = 1/mt where mt =
√
E2 − k2z =
√
m2 + k2t is the transverse mass. In
pp collisions, particles are produced preferably along the beam axis, appearing similar to two-jet
events. It is thus interesting to see whether the τ model describes BEC in this case.
In the τ model the emission function is given by
S(x, k) =
∫ ∞
0
dτH(τ)δ∆(x− aτk)ρ1(k), (1.73)
where H(τ) is the longitudinal proper-time distribution, ρ1(k) is the experimentally measurable
single-particle spectrum and the function δ∆(x−aτk) = δ∆(xµ(kµ)− x¯µ(kµ)) is the distribution
of emission points xµ about their mean x¯µ.
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The τ model further assumes that this distribution is much narrower than the proper-time
distribution. This allows approximation of δ∆(x− aτk) in Eq. 1.73 by a Dirac δ-function.
The two-particle distribution, ρ2(k1, k2), is related to the emission function in the plane-wave
approximation by the Yano-Koonin formula8 [22]:
ρ2(k1, k2) =
∫
d4x1d
4x2S(x1, k1)S(x2, k2) (1 + cos [(k1 − k2)(x¯1 − x¯2)]) . (1.74)
Applying Eq. 1.72 and Eq. 1.73 to Eq. 1.74 and using the Yano-Koonin formula as the numer-
ator in the C2(Q) function definition (Eq. 1.12) one gets:
C2(k1, k2) = 1 + Re
{
H˜
(
a1Q
2
2
)
H˜
(
a2Q
2
2
)}
, (1.75)
where Q2 = −(k1 − k2)2 and
H˜(ω) =
∫ ∞
0
dτH(τ)eiωτ (1.76)
is the Fourier-transform of the longitudinal proper-time distribution H(τ).
Finally, one needs to choose the form of the longitudinal proper-time distribution. Since there
is no particle production before the onset of the collision, H(τ) should be a one-sided distribution.
There are some arguments to use a one-sided Lévy distribution [11]. Then the characteristic
function of H˜(τ) can be written [23] (for α 6= 1) as
H˜(ω) = e−
1
2
(∆τ |ω|)α[1−i sign(ω) tan (αpi2 )]+iωτ0 , (1.77)
where the parameter τ0 is the proper-time of the onset of particle production and ∆τ is a measure
of the width of the proper-time distribution. Substituting this characteristic function in Eq. 1.75,
yields
C2(Q, a1, a2) = C0
{
1 + λ cos
[
τ0Q
2(a1 + a2)
2
+ tan
(αpi
2
)(∆τQ2
2
)α
aα1 + a
α
2
2
]
×
× exp
[
−
(
∆τQ2
2
)α
aα1 + a
α
2
2
]}
(1 + εQ). (1.78)
The parameters C0, ε and λ are introduced for the same reason as in the wave function ap-
proach and have the meaning as described in Sec. 1.1.5, except that here λ is not associated with
8Eq. 1.9 can be rewritten as |ψk1,k2(r1, r2)|2 = 1 + cos [q(r1 − r2)] = 1 + cos [(k1 − k2)(r1 − r2)]. Substi-
tuting this in Eq. 1.7 and using the notation of the τ model, one gets Eq. 1.74.
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the coherence or incoherence of the source.
We should note that the cosine factor generates oscillations corresponding to alternating cor-
related and anti-correlated regions, which is a feature seen in the data (see Chapt. 5).
Fits with the function described by Eq. 1.78 would be difficult since it involves 3 variables
(Q, a1, a2) and many parameters (∆τ, τ0, α as well as C0, ε and λ). Therefore, some further
simplifications are made [21]. First, we assume that particle production starts immediately, i.e.,
τ0 = 0. Further, we introduce an effective radius R which combines the two variables a1 and a2
and the parameter ∆τ :
R2α =
(
∆τ
2
)α aα1 + aα2
2
. (1.79)
Then Eq. 1.78 reads
C2(Q) = C0
[
1 + λ cos
(
tan
(piα
2
)
(QR)2α
)
e−(QR)
2α
]
(1 + εQ). (1.80)
Further, one can write it as
C2(Q) = C0
[
1 + λ cos
(
(RaQ)
2α
)
e−(QR)
2α
]
(1 + εQ), (1.81)
where Ra is related to R by
R2αa = tan
(αpi
2
)
R2α. (1.82)
Eq. 1.81 will also be used in some cases for fits with Ra as a free parameter. This decouples,
to some degree, the description of the anticorrelation region from that of the strong correlations
around Q = 0. This additional degree of freedom can improve the fits.
1.4 Experimental construction of C2(Q) correlation function
Experimentally, the two-particle BEC correlation function C2(Q) is given by the ratio of the
number of like-sign charged pairs N(Q) in the data to the number of pairs in a reference sample9,
N ref(Q):
C2(Q) =
N(Q)
N ref(Q)
. (1.83)
9This is compatible with dividing of the two-particle emission probability by single-particle emission probabilities
(Eq. 1.12).
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The reference sample should be identical to the signal sample except for the absence of Bose-
Einstein correlations. We scale the N ref(Q) distribution to have the same number of entries as the
signal N(Q) distribution to obtain a correct C2(Q) function. We consider several different types
of reference distribution:
• Unlike-sign track pairs distribution, where both tracks are taken from the same event. Unlike-
signed particles are not identical; thus there are no BEC among them.
• Like-sign event mixing distribution, where track pairs are taken from different events.
• Distribution of like-sign track pairs modified by the opposite hemisphere technique, whereby
the momentum space components of one of the two particles are inverted (E, ~p)→ (E,−~p).
• Distribution of like-sign track pairs modified by the rotated track technique, where one track
of the track pair is rotated by pi about the beam axis, i.e. (E, px, py, pz)→ (E,−px,−py, pz).
The properties of these reference distributions will be investigated in some detail in Chapt. 4.
Ideally, N ref(Q) should have the same correlations as N(Q) except for BEC. However, in
practice, some compromise has to be made. For example, when using the unlike-sign pairs ref-
erence sample, some areas of Q have to be excluded from the fit because of resonances which
decay into unlike-signed particles. The other three reference distributions have the disadvantage
of not preserving all of the non-BEC correlations in N(Q). When using any reference sample, the
correlation function has to be corrected for the final state Coulomb interaction.
To reduce any effects of additional correlations caused by a reference sample creating tech-
nique, the ratio of data and MC C2(Q) functions can be used:
R2(Q) =
Cdata2 (Q)
CMC2 (Q)
. (1.84)
Thus the denominator in Eq. 1.83, N ref(Q), is replaced by
N ref(Q) · NMC(Q)
N refMC(Q)
, (1.85)
which corrects N ref(Q) for correlations (present in the MC distribution) which are removed or
distorted by the method of the reference sample construction. If effects caused by the reference
sample creating technique are comparable in data and MC distributions, they will cancel in their
ratio. Thus the R2(Q) function can be more proper for the Bose-Einstein correlations studies than
the C2(Q) function.
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1.5 Coulomb Correction
Among any charged particles, there acts a long range Coulomb force. In the Bose-Einstein
correlations of identical charged particles, the Coulomb repulsive force tends to reduce the en-
hancement signal by causing a momentum shift. We have to correct any signal and reference
sample to make our final C2 function free of the Coulomb correlations. When using an unlike-
signed pairs reference sample, the effect of the Coulomb interaction on the reference sample is
just opposite to the effect on the like-sign data sample.
The measured N(Q) distribution for the like- or unlike-signed pion pairs in presence of the
Coulomb interaction is given by [24] [25] [26]:
Nmeas(Q) = G(Q)N(Q), (1.86)
where Nmeas(Q) is the measured distribution, N(Q) is the distribution free of Coulomb corre-
lations and G(Q) represents the effect of the Coulomb interaction. The simplest expression for
G(Q) is the Gamow penetration factor given by
G(Q) =
2piη
e2piη − 1 , (1.87)
where η is the Sommerfeld parameter defined as
η = ±αemm|Q| , (1.88)
where αem is the electromagnetic fine structure constant (1/137) and m is the particle mass. The
plus sign is for like-signed pairs and the minus sign for unlike-signed pairs. The size of this
correction is shown in Fig. 1.2.
The Gamow factor has been calculated making several assumptions, some of them clearly not
justified. E.g., the particles are assumed to be created in a single point, which is in direct contradic-
tion to the source model assumed by the Bose-Einstein correlations theory. There are some other
approaches of dealing with the Coulomb correction, which predict in general a weaker correc-
tion than the Gamow factor [27]. However, the other approaches make some further assumptions,
which are not clearly justified. Therefore we will use the Gamow factor remembering that we
overestimate the Coulomb interaction strength, which produces an exaggerated BEC signal and
therefore a proper caution has to be exercised in its application. To deal with this fact, we decrease
the strength of the Coulomb correction by 20% for the systematics studies (Sec. 5.7).
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Figure 1.2: Gamow penetration factor for like-signed and unlike-signed pairs. Black line corre-
sponds to the final Coulomb correction used for C2(Q) if Q+− is used as a reference sample.
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Chapter 2
ATLAS experiment
To investigate the Bose-Einstein correlations described in Chapt. 1, we use like-sign charged
pion pairs produced in proton-proton collisions at the LHC collider and detected by the ATLAS de-
tector. In this chapter we describe the parameters of the LHC project and the ATLAS experiment,
including some basic properties of the other experiments situated at the LHC.
2.1 LHC collider
The Large Hadron Collider (LHC) is a proton-proton collider located at CERN (European
Organization for Nuclear Research1). The LHC is the largest, as well as most energetic, particle
accelerator ever constructed. It is a synchrotron type of collider designed for pp collisions with
center of mass energy up to 14 TeV. It has been installed in a 27 km long tunnel, 50 – 175 m below
the ground, which had been used by the Large Electron-Positron collider (LEP) until 2000.
On the 10th of September 2008, the first single beam events were measured in the LHC. How-
ever, just few days later, a breakdown occurred which required more than a year to repair. The
next circulating beam was reached on the 20th of November 2009 and the first pp collision at a
center of mass energy of 7 TeV was achieved on the 30th of March 2010. During the year 2011,
the LHC ran at a center of mass energy of 7 TeV, which was increased to 8 TeV in 2012. After
a short period of heavy-ion collisions in the beginning of 2013 a long shutdown period started.
During this period the accelerator was upgraded to higher center of mass energy. In June 2015,
the first pp collisions at 13 TeV were achieved.
1founded in 1954, located in the north-west suburbs of Geneva on the Franco-Swiss border
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2.1.1 CERN accelerator complex
The LHC is used for the final stage of proton acceleration. Before entering the LHC, the
protons are accelerated in several steps by smaller accelerators. These pre-stage accelerators were
used for various purposes and experiments in the past and were turned into their current function
later. An overview of the CERN accelerator facilities is shown in Fig. 2.1. First, a linear accelerator
Linac boosts protons to a kinetic energy of 50 MeV. Then the Proton Synchrotron Booster (PSB)
accelerates them up to 1.8 GeV, the Proton Synchrotron (PS) to 26 GeV, and the Super Proton
Synchrotron (SPS) to 450 GeV before injecting them into the LHC.
CMS
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LHC-bALICE LHC
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SPS
BOOSTER
AD
CTF3
LINAC 2
LINAC 3
CNGS
ISOLDE
West Area
East Area
North Area
Towards
Gran Sasso
n-TOF
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LHC Large Hadron Collider
SPS Super Proton Synchrotron
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CNGS CERN Neutrinos Gran Sasso
n-TOF Neutron Time Of Flight
AD Antiproton Decelerator
CTF3 CLIC TestFacility 3
Figure 2.1: CERN accelerator complex [28].
2.1.2 LHC
To keep the protons in orbit at such a high energy, 1232 dipole bending magnets are used, at a
magnetic field up to 8.4 T. To achieve such a high magnetic field, the magnets are superconducting,
operating at 1.9 K. This temperature is achieved using liquid helium. In addition 392 quadrupole,
688 sextupole and 168 octupole magnets are used to ensure the beam focusing. The cross-section
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of an LHC dipole magnet is shown in Fig. 2.2.
Figure 2.2: The cross-section of an LHC dipole magnet [29].
The protons at the LHC are accelerated in bunches. At the peak design luminosity2 (L ≈
1034 cm−2s−1), one proton beam will consist of 2808 bunches, each of them consisting of 1.15 ×
1011 protons. The time between two bunch crossings will be 25ns. At the design luminosity, the
energy of the beam at its injection into the LHC is 23.3MJ, while at the design collision energy of
14TeV and the same luminosity, the energy of a beam is 362MJ [30]. The data used in this thesis
were taken at a center of mass energy of 7TeV, with 2 bunches of 0.76 × 1011 protons (one of
them colliding in the ATLAS detector), the beam energy being ∼ 86kJ.
2number of particles per unit area per second
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2.1.3 Experiments at the LHC
At the LHC, there are four main experiments: ATLAS, CMS, ALICE and LHCb. In addition,
there are some smaller experiments like TOTEM and LHCf.
ATLAS [31] (A Toroidal LHC ApparatuS) and CMS [32] (Compact Muon Solenoid) are two
big multipurpose detectors investigating the same subjects. The ATLAS detector is the largest
detector ever built, while the CMS is the heaviest one (its mass is ∼12 500 tons). This fact illus-
trates two different approaches to detect a huge number of high-energy particles. ATLAS uses
very large detectors to cover a wide area around the collision point. CMS is based on a very dense
detector system, where the particles lose their energy in a smaller volume than in ATLAS (CMS
is a very compact detector; that is the reason for its name—Compact Muon Solenoid). The major
part of the CMS mass is composed of massive iron blocks, which guide and contain the 4 Tesla
magnetic field needed for bending the particle tracks. The physics goals of the ATLAS and CMS
experiments are described in Section 2.3.4.
The ALICE (A Large Ion Collider Experiment) detector is designed especially to monitor lead-
ion collisions3. Lead ions are scheduled to be collided for about a month each year4. The LHC is
designed to a maximum energy of the lead ion of 2.76 TeV per nucleon. Under these conditions
nucleons can be decomposed to quarks and gluons that create the so called quark-gluon plasma.
It is a state of matter where quarks and gluons are no longer color confined in hadrons and can
exist in a free state. The quark-gluon plasma is thought to have existed a very short time after the
Big Bang5. The ALICE experiment will observe the properties of the quark-gluon plasma in the
process of its expansion and cooling. This could lead to a better understanding of the mechanism
which causes color confinement of quarks and gluons and its role in the generation of most of the
mass of ordinary matter6. [33]
The LHCb (Large Hadron Collider beauty) is, unlike the detectors mentioned above, not a
cylindrical detector covering the whole space around the collision point, but rather a detector
covering only a small solid angle around the beam direction. A reason for such a configuration
is that the LHCb is focused on B-hadrons which are produced predominantly at small transverse
momentum7; therefore, there is no need to detect particles moving perpendicularly to the beam
direction. One of the aims of the LHCb is to study CP violation in various particle systems [34].
The TOTEM (TOTal cross section, Elastic scattering and diffraction dissociation Measure-
3Besides protons the LHC is constructed to be also able to collide heavy ions.
4Protons are scheduled to be collided for about 10 months each year and in the remaining month, there is usually a
shutdown utilized for machine maintenance and repairs as well as a vacation of staff.
5The quarks and gluons were confined to hadrons ∼10−6 seconds after the Big Bang.
6The mass of the hadrons is much greater than the sum of masses of the quarks the hadron is built of.
7so-called forward particles
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ment) detector is designed for precise measurement of the proton-proton interaction cross section,
as well as the in-depth study of proton structure by looking at elastic scattering over a large range
of momentum transfer8. Many details of the processes that are closely linked to the proton struc-
ture and low-energy QCD remain poorly understood. Therefore TOTEM will investigate a wide
range of diffractive processes, partly in co-operation with the CMS experiment, which is located
at the same interaction point (IP5) of the LHC [35].
LHCf (Large Hadron Collider forward) uses forward particles created inside the LHC as a
source to simulate cosmic rays9 in laboratory conditions. This study will help to interpret and
calibrate large-scale cosmic-ray experiments that could cover thousands of kilometers. The LHCf
experiment is placed near the ATLAS detector (interaction point IP1) [36].
2.2 Particle detection in high-energy physics
In this section, we give a brief introduction to particle detection in a high-energy physics
detector. Further in Section 2.3.2, we describe how these principles influenced the structure of the
ATLAS detector.
The fundamental fermions and bosons combine to form hundreds of particles, which are cre-
ated in high-energy physics experiments. However, only 27 of them have a lifetime τc > 1µm
and only 14 of them have a lifetime τc > 500µm. For that reason, the other particles cannot be
seen as tracks in a detector. Out of these 14 particles, there are 8, which are by far the most fre-
quent ones. That is why a particle detector needs to be able to identify and measure the momentum
and energy only of these 8 particles, listed in the Table 2.1. They differ in mass, electrical charge
and the type of interaction which they are subject to. Therefore, the key to their identification lies
in determining these properties.
The detector needs to be composed of several subdetectors that detect the different types of
particles. The conception of such a detector can be seen in Fig. 2.3, where a cross section of
the ATLAS detector is shown. The subdetector located closest to the collision point is the tracker
which charts very precisely the position of charged particles as they move through the detector. As
we know the intensity of the magnetic field, this allows us to measure the momentum of particles.
The tracker does not reduce the energy of particles significantly (it should interfere with the parti-
cles as little as possible). This is important because we want the energy of the particle to remain
unchanged, until it is measured by calorimeters. The calorimeters are located after the tracker and
8Like LHCb, TOTEM and LHCf are focused on forward particles.
9Naturally occurring charged particles from outer space that constantly bombard the Earth’s atmosphere. They
collide with nuclei in the upper atmosphere, leading to a cascade of particles that reach ground level.
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particle mass [MeV/c2] interaction
e± 0.511
µ± 105.7 electromagnetic
γ 0
pi± 139.6
K± 493.7 electromagnetic + strong
p± 938.3
K0L 497.7 strong
n 939.6
Table 2.1: Particles that are essential to be identifiable by a detector.
are specifically designed to stop the particles and produce a signal depending on the energy of the
particle. The first one is the electromagnetic calorimeter, where the particles interacting by the
electromagnetic interaction (γ and e±) are stopped. The charged (pi±, K± and p±) and neutral
(K0L and n) hadrons interacting by the strong interaction pass through this calorimeter losing only
a small amount of energy and are stopped in the next one, the hadronic calorimeter. The µ± pass
through both calorimeters without losing a significant amount of energy. Therefore, to detect the
muons, the muon subdetector is needed as the outermost layer of the detector. The neutrinos pass
through the whole detector without any interaction and we can observe them only indirectly as a
missing transverse energy.
The configuration of subdetectors described above makes it possible to identify the type of
each of the 8 essential particles. The γ do not leave a track in the tracker (since they are electrically
neutral), only in the electromagnetic calorimeter. The e± leave tracks in the tracker as well as in
the electromagnetic calorimeter where they are stopped. The situation with the hadrons is very
similar. The charged hadrons (pi±, K± and p±) leave a track in the tracker, in the electromagnetic
calorimeter as well as in the hadronic calorimeter, while the neutral hadrons (K0L and n) are
only detected in the hadronic calorimeter. The only particle which passes through the hadronic
calorimeter is the µ±; therefore it is easily distinguishable.
2.3 ATLAS detector
The ATLAS detector (Fig. 2.4) is a multipurpose detector designed for a wide range of physics
processes. As already mentioned, it takes data at the LHC. It was designed to gather data from both
proton-proton and heavy ion collisions, however, its main focus is on protons. It has a cylindrical
shape covering the whole space around the collision point. Reaching 46 m in length and 25 m in
diameter, it is the largest volume particle detector ever constructed.
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Figure 2.3: The cross section of ATLAS detector with an event example [39].
2.3.1 ATLAS coordinate system
The ATLAS detector is based on a right-handed coordinate system as follows:
the x-axis points towards the center of the LHC ring;
the y-axis points upwards (away from the center of the earth);
the z-axis points along the LHC beam pipe.
In cylindrical coordinates:
the polar angle θ is measured with respect to the z-axis (beam pipe);
the azimuthal angle φ (angle in the x-y plane) is measured with respect to the x-axis.
Another variable called pseudorapidity η is commonly used. It is defined through the polar angle
θ:
η = − ln
(
tan
θ
2
)
. (2.1)
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Figure 2.4: The ATLAS detector [38].
The value |η| = 0 corresponds to the polar angle θ perpendicular to the beam, while |η| → ∞
corresponds to the angle along the beam pipe. The pseudorapidity can be determined even in the
case that the mass and momentum of a particle are unknown, which makes it a very convenient
variable. In the high-energy limit, η is a good approximation of the rapidity
y =
1
2
ln
E + pL
E − pL , (2.2)
where E is the energy and pL is the longitudinal momentum (momentum component along the
beam10) of a particle.
In the pseudorapidity-azimuthal angle space, the distance ∆R is defined as follows:
∆R =
√
(∆η)2 + (∆φ)2. (2.3)
10The momentum component perpendicular to the beam (which means in the x-y plane) is called transverse and is
denoted pT.
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2.3.2 Particle detection in ATLAS
The procedure of particle detection in ATLAS corresponds to the general principles mentioned
in Section 2.2. The overview of the detector in cross section is shown in Fig. 2.3.
The part of the detector closest to the interaction point, called the inner detector, combines
several types of detectors. In the direction away from the collision point, two high resolution
semiconductor detectors (Pixel Detector and SCT11) are followed by the Transition Radiation
Tracker (TRT). This configuration results in the ability to carry out precise particle momentum
and vertex measurements. Even the decay points of short-lived particles such as B-hadrons can
be recorded. The highest granularity is achieved around the vertex region using silicon pixel
detectors. The whole inner detector is 7 m long and has an outer radius of 1.15 m. It provides
full tracking coverage for η ≤ 2.5. The inner detector is the most important subdetector for BEC
studies, therefore it will be described in the following section in greater detail.
The electromagnetic calorimeter is a liquid-argon detector. It is divided into a barrel part and
two end-caps. Steel coated lead separated by honey comb spacers is used as an absorber in the
barrel part. The energy resolution of the electromagnetic calorimeter is σEE =
10%√
E
⊕ 0.7%, where
E is a particle energy in GeV.
The hadronic calorimeter consists of three parts. The Tile Calorimeter (TileCal) uses plastic
scintillator as an active material and steel as an absorber. It constitutes the central part of the
calorimeter. The other parts of the hadronic calorimeter are the forward (FCal) and end-cap (HEC)
calorimeters, which use liquid argon as the active medium. The energy resolution of the hadronic
calorimeter is σEE =
50%√
E
⊕ 3%, where E is a particle energy in GeV.
Moving out from the hadronic calorimeter, the muon toroid magnets follow. Their goal is
to bend the muon tracks inside the following Muon Spectrometer. It is the biggest subdetector
representing the major part of the ATLAS detector volume. The muon momentum resolution
increases with a muon pT. For pT = 100GeV, it is ∼3%, while for pT = 1TeV, it is ∼10%.
2.3.3 The Inner Detector
For the description of the Inner Detector we follow the ATLAS technical design report [40].
The Inner Detector combines high-resolution detectors at the inner radii with continuous tracking
elements at the outer radii. It is immersed in a magnetic field of 2T provided by a solenoid. Its
layout is shown in Fig. 2.5. The highest granularity is achieved around the vertex region using
semi-conductor pixel detectors. The total number of precision layers must be limited because of
11Silicon Strip Detector
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the material they introduce, and because of their high cost. Mechanically, the Inner Detector con-
sists of three units: a barrel part extending over ±80cm, and two identical end-caps covering the
rest of the cylindrical cavity. In the barrel region, the high-precision detector layers are arranged
on concentric cylinders around the beam axis, while the end-cap detectors are mounted on disks
perpendicular to the beam axis.
Figure 2.5: The graphical ilustration of the Inner Detector and its components [41].
The Pixel detector is designed to provide a very high-granularity, a high-precision set of mea-
surements as close to the interaction point as possible. The system provides three precision mea-
surements over the full acceptance, and mostly determines the impact parameter resolution and the
ability of the Inner Detector to find short-lived particles. The system contains a total of 80 million
detector elements, 90% of them are 50µm in the Rφ direction and 400µm in z (the remaining
pixels in the regions at the front-end chips on a module are of size 50× 600µm2). A huge number
of pixels is invaluable for the task of pattern recognition in the crowded environment of the LHC.
There are in total 1744 pixel sensors. Each of them is 63mm long and 19mm wide in external
dimensions (covering an active area of 60.8× 16.4mm2) with 47232 pixel elements.
The Semiconductor tracker (SCT) is designed to provide eight precision measurements per
track in the intermediate radial range, contributing to the measurement of momentum, impact
parameter and vertex position, as well as providing good pattern recognition by the use of high
granularity. The barrel SCT uses eight layers of silicon microstrip detectors to provide precision
points in the Rφ and z coordinates. Each silicon detector is 6.356 × 6.396cm2 with 768 readout
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strips of 80µm pitch. The end-cap modules are very similar in construction but use tapered strips,
with one set aligned radially. The detector contains 61 m2 of silicon detectors, with ∼6.3 million
readout channels. The spatial resolution is 16µm in Rφ and 580µm in z.
Both the pixel and the SCT systems require a very high dimensional stability, cold operation
of the detectors, and the removal of the heat generated by the electronics and the detector leakage
current. The structures are therefore designed with materials with as low a coefficient of thermal
expansion as possible.
The Transition radiation tracker (TRT) is based on the use of 298304 straw detectors, which
can operate at the very high rates at the LHC by virtue of their small diameter and the isolation of
the sense wires within individual gas volumes. Electron identification capability is added by em-
ploying xenon gas to detect transition-radiation photons created in a radiator between the straws.
Each straw is 4mm in diameter and equipped with a 30µm diameter gold-plated W-Re wire, giv-
ing a fast response and good mechanical and electrical properties for a maximum straw length of
144cm in the barrel. The TRT is operated with a gas mixture of 70% Xe, 27% CO2 and 3% O2,
with a total volume of 3m3. The operational drift-time accuracy is ∼130µm.
2.3.4 Purpose of the ATLAS experiment
One of the main goals of the ATLAS experiment was the search for the last missing particle
of the Standard Model, the Higgs boson. This goal has been used as a benchmark to establish the
performance of important ATLAS subsystems. The detector would have been able to identify the
Higgs boson in the mass range of ∼ 80 GeV – 1 TeV.
In 2012, evidence for the production of a neutral boson with a measured mass of 126.0±0.4±
0.4GeV with a significance of 5.9 standard deviations was presented. It was compatible with the
production and decay of the Standard Model Higgs boson [42]. A spin equal to 0 and a positive
parity have since been confirmed [43]. The Higgs boson has up to now been observed in γγ, ττ ,
WW and ZZ channels [44–48].
The other very important task of the ATLAS experiment is the search for physics beyond the
Standard Model. The most important candidate is the theory of Super Symmetry (SUSY). The
lightest SUSY particle is predicted to have a mass of∼1TeV. The ATLAS detector should be able
to identify SUSY particles in the region from hundreds of GeV to a few TeV. Other new physics
theories, such as Extra Dimensions or Technicolor could be investigated, too.
At the maximum energy and luminosity reachable at the LHC, it is expected to produce 107 tt¯
pairs per year. This allows a detailed study of many processes where the top quark is involved as
well as of many top quark properties. The high energy and luminosity at the LHC allow further
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high-precision tests of QCD, electroweak theory and flavor physics. In order to study CP symmetry
violation, bottom quark physics is also explored.
Data obtained by the ATLAS detector are also useful for tests of Standard Model physics and
other phenomena known from previous experiments. In this thesis we present some studies of the
Bose-Einstein correlations described in Chapt. 1.
2.4 TheQ resolution of the ATLAS Detector
The resolutions of track transverse momentum pT, azimuthal angle θ and polar angle φ mea-
sured by the ATLAS detector have been determined [49]. From these resolutions we can determine
the resolution of the two particle 4-momentum difference Q, which may be written in terms of pT,
θ, φ of the two particles:
Q =
√
(E1 − E2)2 − (~p1 − ~p2)2 =
√
2m2 − 2
√
m2 + p2T1 +
p2T1
tan2 θ1
√
m2 + p2T2 +
p2T2
tan2 θ2
+ 2pT1pT2 cosφ +
2pT1pT2
tan θ1 tan θ2
.
(2.4)
The partial derivatives of Q with respect to the mentioned track variables are:
∂Q
∂pT1
= 1Q
(
pT2 cosφ +
pT2
tan θ1 tan θ2
− E2E1
pT1
sin2 θ1
)
∂Q
∂pT2
= 1Q
(
pT1 cosφ +
pT1
tan θ1 tan θ2
− E1E2
pT2
sin2 θ2
)
∂Q
∂θ1
= 1Q
pT1
sin2 θ1
(
E2
E1
pT1
tan θ1
− pT2tan θ2
)
∂Q
∂θ2
= 1Q
pT2
sin2 θ2
(
E1
E2
pT2
tan θ2
− pT1tan θ1
)
∂Q
∂φ =
1
Q pT1 pT2 sinφ.
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Finally, the standard deviation of the Q parameter is calculated in the following way:
σ2Q =
∣∣∣ ∂Q∂pT1 ∣∣∣2σ2pT1 + ∣∣∣ ∂Q∂pT2 ∣∣∣2σ2pT2 + ∣∣∣ ∂Q∂θ1 ∣∣∣2σ2θ1 + ∣∣∣ ∂Q∂θ2 ∣∣∣2σ2θ2 + ∣∣∣∂Q∂φ ∣∣∣2σ2φ (2.5)
The resolution of pT and θ can be expressed as follows [49]:
σX(pT) = σX(∞)
(
1⊕ pXpT
)
, (2.6)
where σX(∞) is the asymptotic resolution at infinite momentum, pX is a constant representing
the value of pT for which the intrinsic and multiple-scattering terms in the equation are equal for
the parameter X under consideration and ⊕ denotes addition in quadrature. This expression is
approximate, working well at high pT (where the resolution is dominated by the intrinsic detector
resolution) and at low pT (where the resolution is dominated by multiple scattering). σX(∞) and
pX are implicitly functions of the pseudorapidity. It should be noted that the (1/pT) resolution is
used instead of σ(pT) as the Inner Detector measures the sagitta and not directly the transverse
momentum. The relation between these 2 quantities is the following:
σ(pT)
pT
= pT × σ(1/pT).
The values of σX(∞) and pX needed to calculate the resolution of Q are summarized in the
Table 2.2 [49] for tracks in two η-regions, corresponding to the detector barrel and end-caps.
The values from Table 2.2 are used in Eq. 2.6. For example, for 0.25 < |η| < 0.50:
σ(pT)
pT
= pT × 0.34×10−3GeV × (1⊕ 44GeVpT ) = 0.34×10
−3
GeV × pT ⊕ 0.015
For pT < 1GeV this gives an approximately constant value of σ(pT)/pT: 0.015 for 0.25 < |η| <
0.50 and 0.033 for 1.5 < |η| < 1.75.
The resulting Q resolution is shown in the following figures. In Fig. 2.6, the absolute and
relative Q resolutions as a function of Q are presented. We can see that for small Q values, the
Q resolution is about 5MeV. With increasing Q the resolution of Q is also increasing and after
Q = 600MeV the dependence becomes linear. At higher values of Q (> 600MeV) the relative
resolution (σQ/Q) becomes saturated at a level of ∼2%. An important feature of σQ is that in the
important interval for BEC its value does not exceed 20MeV. In Fig. 2.7 a two-dimensional plot
of the resolution (σQ) vs Q is shown.
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Track parameter
0.25 < |η| < 0.50 1.50 < |η| < 1.75
σX(∞) pX(GeV) σX(∞) pX(GeV)
Inverse transverse
momentum (1/pT)
0.34 TeV−1 44 0.41 TeV−1 80
Azimuthal angle (φ) 70µrad 39 92µrad 49
Polar angle (cot θ) 0.7 × 10−3 5.0 1.2 × 10−3 10
Tranverse impact
parameter (d0)
10µm 14 12µm 20
Longitudinal impact
parameter (z0 × sin θ) 91µm 2.3 71µm 3.7
Table 2.2: Intrinsic measurement accuracies and mechanical alignment tolerances for the inner
detector sub-systems (expected track-parameter resolutions (RMS) at infinite transverse momen-
tum, σX(∞), and transverse momentum, pX, at which the multiple-scattering contribution equals
that from the detector resolution (see Eq. 2.6)), as defined by the performance requirements of
the ATLAS experiment. The numbers in the table correspond to the single-module accuracy for
the pixels, to the effective single-module accuracy for the SCT and to the drift-time accuracy of a
single straw for the TRT. The values are shown for two η-regions, one in the barrel inner detector
where the amount of material is close to its minimum and the other one in the end-cap where the
amount of material is close to its maximum [49].
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Figure 2.6: σQ as a function of Q (left) and the relative Q resolution, σQ/Q, as a function of Q
(right) with ±1σ bands.
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Chapter 3
Data selection and corrections
3.1 Dataset
In our analysis, we use the minimum bias events accumulated using the Minimum Bias Trig-
ger Scintillators (MBTS), which provide hardware Level-1 (L1) triggers1. The MBTS cover a
pseudorapidity range of 2.09 < |η| < 3.84 and provide full coverage of the azimuthal angle φ.
These plastic scintillator counters are segmented into two units in η and eight units in φ and posi-
tioned 3.56 m away from the interaction point on each side. With a total of 32 read-out channels,
the MBTS represents a relative simple system. Using the lowest trigger configuration, data for
this analysis were selected by requiring at least one counter to be above threshold (L1_MBTS_1).
Other configurations serve for efficiency determination or as fall-back triggers in case of higher
beam background, e.g., requiring at least two hits in total (L1_MBTS_2) or a coincidence of hits
on each side, e.g. one per side (L1_MBTS_1_1) [50].
The data2 were taken in 2010 at the center of mass energy of 7TeV.
3.2 Track and event selections
The event and track selection criteria are as follows. The events are required
• to have all inner detector sub-systems at nominal conditions, stable beam and defined beam
spot values,
• to have passed the MBTS L1 single-arm trigger,
1Level-2 (L2) triggers select on software derived decisions.
2The minimum bias events used in this analysis include the following runs: 00152166, 00152214, 00152221,
00152345, 00152409, 00152441, 00152508.
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• to have a primary vertex [51] reconstructed using beam-spot information [52] and at least
two associated tracks,
• not to have an additional vertex with four or more tracks in the same bunch crossing,
• to have at least two good tracks in the event.
A good (selected) track is defined as one
• reconstructed by the track reconstruction algorithm used in [53], with the transverse mo-
mentum component with respect to the beam, pT > 100 MeV,
• with a hit in the first layer of the Pixel detector if one is expected,
• having at least one Pixel hit in any of the three layers,
• with at least two (pT > 100 MeV), four (pT > 200 MeV) or six (pT > 300 MeV) SCT hits,
• with transverse and longitudinal impact parameters calculated with respect to the event pri-
mary vertex |d0| < 1.5 mm and |z0| · sin(θ) < 1.5 mm, respectively,
• having reconstruction χ2 probability> 0.01 if pT > 10GeV (mis-measured track removal),
• reconstructed in the pseudorapidity range −2.5 < η < 2.5.
The dataset consists of ∼107 events which passed event selections, containing ∼2.1 × 108
tracks which passed the track selection criteria, and which create ∼1.8 × 109 like-sign charge
track pairs.
The multiplicity and track transverse momentum pT distributions for the used data sample
which passed the track and event selections are shown in Fig. 3.1. The track pseudorapidity η and
azimuthal angle φ distributions are shown in the Fig. 3.2. One can see that η is distributed more
or less uniformly in the central region (with a valley around η = 0), while it decreases for higher
value of |η|. The distribution of φ is uniform in whole range. Both η and φ distributions are subject
to fluctuations due to detector geometry effects.
3.3 Monte Carlo dataset
A Monte Carlo dataset has been used for several studies presented in Chapt. 4 and in the
denominator of theR2 function (Eq. 1.84). For these purposes, the Pythia 6.421 Monte Carlo gen-
erator [54] (the ATLAS MC09 PYTHIA6 tune [55]), including non-diffractive, single-diffractive
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Figure 3.1: The selected track multiplicity distribution (left) and pT distribution (right) on a loga-
rithmic scale.
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Figure 3.2: The track η (left) and φ (right) distributions.
and double-diffractive processes according to their relative cross-sections, has been used. The
generated events were fully simulated and reconstructed through the ATLAS detector simulation
program [56], which is based on GEANT4 [57]. It was produced in 2009 and corresponds to a
center of mass energy of 7TeV. The Pythia6 dataset3 consists of ∼2.2 × 107 events, containing
∼3.8×108 tracks, which create∼2.7×109 like-sign charge track pairs. For studies of systematics,
two additional Monte Carlo generators are used.
The Phojet 1.12.1.35 generator [58] dataset4 was also produced in 2009 and corresponds to a
center of mass frame energy of 7TeV. It relies on PYTHIA for the fragmentation of partons, while
3The Pythia6 dataset used in this analysis includes the following runs: 105001, 105003, 105004.
4The Phojet generator used in this analysis includes the following runs: 106096, 106097, 106098, 106099.
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it uses the Dual Parton Model [59] for low-pT physics. The Phojet dataset consists of ∼1.1× 106
events, containing ∼1.8× 107 tracks, which create ∼1.1× 108 like-sign charge track pairs.
The Perugia0 PYTHIA tune [60] dataset5 was also produced in 2009 and corresponds to a
center of mass frame energy of 7TeV. It consists of ∼3.9 × 106 events, containing ∼7.1 × 107
tracks, which create ∼5× 108 like-sign charge track pairs.
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Figure 3.3: The Pythia6 MC dataset selected track multiplicity distribution (left) and pT distribu-
tion (right) on a logarithmic scale.
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Figure 3.4: The Pythia6 MC dataset track η (left) and φ (right) distributions.
The multiplicity and track transverse momentum pT distributions for the Pythia6 Monte Carlo
generator which passed the track and event selections are shown in Fig. 3.3. The track pseudora-
pidity η and azimuthal angle φ distributions are shown in the Fig. 3.4. Comparing to analogous
5The Perugia0 generator used in this analysis includes the runs 108313 and 108314.
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data distributions (Fig. 3.1 and Fig. 3.2), one can see that there are slightly less events with high
multiplicity, while slightly more events with high-pT tracks in the MC sample. The η and φ dis-
tributions are quite the same in data and MC. The fluctuations in η distribution are not exactly
described by MC, thus the η distribution in MC is smoother.
3.4 Corrections
3.4.1 Track corrections
Detection of particle tracks is subject to several effects, which can cause a track not to be
detected or a fake track to appear. Therefore, several track corrections need to be introduced. The
procedure from minimum bias studies for track corrections has been applied [53] [61]. The weight
of each track when filling histograms is calculated according to its transverse momentum pT and
pseudorapidity η
wtrk(pT, η) =
(1− fsec(pT, η)) (1− fokr(pT, η)) (1− ffake(pT, η))
εtrk(pT, η)
, (3.1)
where εtrk(pT, η) is the track reconstruction efficiency, fsec(pT, η) is the fraction of secondary
particles, fokr(pT, η) is the fraction of tracks outside of the kinematic range, i.e., the fraction
of selected tracks passing the kinematic selection for which the corresponding primary particle
is outside the kinematic range6, and ffake(pT, η) is the fraction of fake tracks (all of them are
functions of track transverse momentum pT and pseudorapidity η).
All of the correction parameters are histogrammed as two-dimensional functions of track trans-
verse momentum pT and track pseudorapidity η. The largest contribution to the correction is the
track reconstruction efficiency (Fig. 3.5). The projections of the track reconstruction efficiency
onto pT (left) and η (right) axes are shown in Fig. 3.6. Among the other corrections, the fraction
of secondary particles (Fig. 3.7) is most significant. The contribution of fractions of tracks outside
the kinematic range (Fig. 3.8) and fake tracks (Fig. 3.9) is almost negligible.
3.4.2 Multiplicity unfolding
As mentioned above, the detector does not register all particles in an event. Therefore, the
multiplicity distribution needs to be unfolded to the particle (measurement) level. The procedure,
using an unfolding matrix, is described in [62] [63]. The Pythia6 MC dataset contains two levels of
6because of the resolution effects, a track which is outside of the kinematic range is reconstructed as a track which
passes the selection criteria
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Figure 3.6: Track reconstruction efficiency as a function of track transverse momentum pT (left)
and track pseudorapidity η (right).
information, the generated particles as well as the tracks which were reconstructed in the detector.
Thus for each event there is an information about the number of charged particles which were
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Figure 3.8: Fraction of tracks outside of the kinematic range as a function of track transverse
momentum pT (left) and track pseudorapidity η (right).
generated (nch) as well as about the number of tracks which passed the reconstruction process
(nsel). In order to meet the track selection criteria, only generated particles with pT > 100MeV
and |η| < 2.5 are considered when calculating nch. There are two ways of multiplicity unfolding.
One can create the distribution of nch for each particular nsel (two-dimensional plot of nch vs nsel)
and for each event in the data sample randomly assign nch according to this distribution. In this
thesis, the other method is used. Averaging over all events in the sample, one obtains the mean
number of generated particles (〈nch〉) corresponding to the number of nsel (profile histogram of
nch vs nsel), which is shown in Fig. 3.10. Then one assigns 〈nch〉 to all events with corresponding
nsel.
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Figure 3.10: Mean number of generated particles (〈nch〉) corresponding to number of recon-
structed tracks (nsel) obtained from the Pythia6 MC dataset.
As expected, the number of generated particles is in general higher than the corresponding
number of reconstructed tracks. The dependence of 〈nch〉 on nsel is just slightly weaker than
linear. The nsel intervals used in this analysis and their corresponding 〈nch〉 values are summarized
in Table 5.4, indicating also the fraction of pairs in each interval.
48
Chapter 4
Choice of reference distribution
For a reliable determination of the BEC effect it is critically important to have a correct ref-
erence distribution. In the ideal case this distribution should not contain any BEC effect, but all
other ingredients of the signal distribution should be present. In this chapter, four different refer-
ence distributions N ref(Q) are compared:
i) Unlike-sign pairs (ULS). The reference distribution is constructed just like the signal distri-
bution except that unlike-charged rather than like-charged tracks are used. Unlike-signed particles
are not identical, thus in their two particle correlation distribution the BEC effect should not be
present. However, its big disadvantage is the contribution of resonances to the unlike-sign charge
two-particle distribution. To decrease the impact of resonances, the region of their biggest influ-
ence is excluded from the fit (see Sec. 4.1).
ii) Event mixing (MIX). The two tracks of the pair are taken from different events. The events
are divided into groups according to their multiplicity (nch ∈ 〈2, 10〉, 〈11, 20〉, 〈21, 30〉,
〈31, 40〉, 〈41, 50〉, 〈51, 60〉, 〈61, 70〉, 〈71, 80〉, 〈81, 90〉, 〈91, ∞)). Then each particle in a par-
ticular event is combined with every track of the same charge in the previous event in the same
multiplicity interval. Thus tracks from each event are combined with tracks from two different
events (the former one and the following one)1. This technique does not preserve any correlations
of the original event, as the track pairs are created from different events.
1Except the very first event, which is combined only with the following one, and the very last event, which is
combined only with the former one.
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iii) Opposite hemisphere (OHP). The momentum of one of the two tracks is inverted (E, ~p) →
(E,−~p) before calculating the momentum difference Q of the pair. This technique preserves the
energy of the original track pair.
iv) Rotated track (ROT). The momentum vector of one track of the pair is rotated by pi about
the beam direction, (E, px, py, pz)→ (E,−px,−py, pz). This technique preserves the polar angle
θ as well as the energy of the original track pair.
The C2(Q) and corresponding R2(Q) functions (see Eq. 1.84) using the four different refer-
ence samples listed above are shown in Fig. 4.1 and Fig. 4.2, respectively.
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Figure 4.1: The C2(Q) function with four different reference samples.
One can see that theC2(Q) function with the unlike-sign pairs reference sample differs greatly
from C2(Q) with the other three reference samples. Among these three, C2(Q) with the rotated
track reference sample differs from the remaining two, but the difference is less significant. Look-
ing at C2(Q) with the unlike-sign pairs reference sample, one can see that there is a prevalence
of unlike-sign pairs compared to the like-sign pairs, causing a valley in the C2(Q) up to 750MeV.
50
4.1. Unlike-sign reference sample 4. Choice of reference distribution
Q [GeV]
0 0.5 1 1.5 2
(Q
)
2R
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
 = 7 TeVsData 2010   
 2≥ 
ch 20 MeV, n≥ 100 MeV, Q ≥ Tp
ULS
ROT
OHP
MIX
Figure 4.2: The R2(Q) function with four different reference samples.
This is probably caused by decay products of resonances, which are present in the ULS reference
sample but not in the other reference samples. Using the R2(Q) function should cancel this influ-
ence. However, the contribution of resonances is different in data and MC samples resulting in a
large enhancement in the region of 600 – 900MeV, as well as a less significant enhancement in the
region of 300 – 600MeV. Studies of resonance contribution are presented in the following section.
4.1 Unlike-sign reference sample
There are many resonances which decay into opposite-charge pions or other particles, thus
the unlike-sign pairs distribution is affected by additional correlations which are not present in
the signal sample. For evaluation of the impact of resonances on two-track correlation functions,
the MC truth information present in the generated Pythia6 MC samples is used. In these samples
the decay products of considered resonances represent 44.6% of all tracks (there are still some
other resonances which are not considered in this study as their contribution is small, e.g. the
∆ baryons). They are summarized in Table 4.1 including the fraction of tracks coming from the
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particular resonance. Electrons represent around 1% of all tracks.
resonance fraction of tracks [%]
ρ 18
ω 13.8
K∗0 7.1
η 2.8
η’ 1.2
φ 0.8
K0 0.8
Table 4.1: The fraction of tracks coming from the resonances considered in this study.
Since the MC does not simulate the BEC, one expects the signal and reference samples to be
equivalent and hence C2(Q) = 1. Using the Pythia6 MC, the C2(Q) function with unlike-sign
pairs as a reference sample is compared to the cases where both tracks, one track or no track in
each pair are from one of the resonances in both (signal and reference) distributions in Fig. 4.3.
The comparison is shown for all the multiplicity intervals which are later used in Chapt. 5.
One can see, that the effect of resonances is strongest in the lowest multiplicity interval and
that it decreases with multiplicity. This is probably a consequence of a higher number of pairs
in high multiplicity intervals which decreases the influence of pairs where both particles have a
common mother particle, since the number of such pairs increases linearly while the number of all
pairs increases quadratically. Further, one can see, that the C2(Q) function with pairs of exactly
one particle coming from a resonance distribution is almost a perfect unity in all multiplicity
intervals. The resonance peaks are present only in the C2(Q) function with pairs of both particles
coming from a resonance. This means that the influence of resonances is caused only by these
pairs. For this reason, only Q distributions with pairs of both particles coming from a resonance
are considered in the following studies.
The behavior of pairs, where no particle is coming from a resonance is interesting, too. It is not
unity, as one could expect, but shows an excess of unlike-sign pairs with Q < 2GeV compared to
like-sign pairs. This excess decreases with increasing multiplicity. This is seen in Fig. 4.4, where
the ratio of the Q distribution of pairs, where no track is from a resonance, to that of all pairs
is shown separately for like-sign and unlike-sign. The ratios are shown without normalization.
Thus one can see directly the fraction of pairs which remain in the non-resonant sample from the
whole sample for each Q. As there are approximately 55% of tracks which are not a product of
any resonance, assuming that they are more or less equaly divided among positive and negative
tracks in each event, one gets 55% × 55% ≈ 30% of unlike-sign pairs where no track is from a
resonance. Under the same assumption, one gets a slightly lower fraction of like-sign pairs where
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Figure 4.3: C2(Q) for the Pythia6 MC sample for different multiplicity intervals with unlike-sign
pairs as the reference sample. The standard C2(Q) function using all pairs is compared to the
cases where both tracks, one track or no track in each pair are from a resonance in both (signal
and reference) distributions.
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no track is from a resonance2. In Fig. 4.4, one can see, that when removing tracks coming from
resonances, predominantly pairs with low Q are removed in both like-sign and unlike-sign pairs.
This is expected, as tracks coming from resonances usually have low momentum (compared to the
Q range up to 5GeV shown in the plots). Thus they create predominantly pairs with lowerQ. This
is true for both like- and unlike-sign pairs. Further, one can see that the difference between these
cases is only in the low-Q region. In Fig. 4.3, one can see that already the C2 functions created
from all pairs show a lack of like-sign pairs with low Q. According to Fig. 4.4, when creating the
C2 function from pairs where no track is from a resonance, one removes slightly more like-sign
pairs than unlike-sign pairs in the low-Q region. Thus the behavior of pairs, where no particle is
coming from a resonance in Fig. 4.3 is explained. This effect is more profound in low multiplicity
intervals, as one can see in Fig. 4.3 as well as Fig. 4.4. This is just a consequence of the fact, that
the difference between the numbers of like-sign and unlike-sign pairs obtained from combinatorics
is bigger in the lower multiplicity case.
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Figure 4.4: For the Pythia6 MC sample, the ratio of the Q distributions of pairs where no track is
from a resonance to that of all pairs, shown separately for like- and unlike-sign pairs for an interval
of small multiplicity (left) and high multiplicity (right).
The effect of resonances is well demonstrated in the difference of the unlike-sign (+-) and
like-sign (++--) pairs Q distributions as it is shown in Fig. 4.5 (upper plot) where three resonance
peaks fitted to Gaussians are clearly seen. Reconstructing the Q distributions for track pairs with
both particles coming from the same type of resonance (see Fig. 4.5 lower plot), the same three
peaks are obtained. One can see, that the highest peak is caused by contributions of ρ, ω and
2One can get that number of like-sign pairs where no track is from a resonance is ≈ 30 − [50/(n − 2)]% of all
like-sign pairs, where n is the particle multiplicity. For high multiplicities, the result does not differ much from 30%,
while for small multiplicities, the difference is larger.
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K∗ resonances, the middle peak by the single ω resonance and the lowest peak by η, η’ and φ
resonances. Even the single point at about 400MeV which is high above the curve is perfectly
explained by the very narrow peak of the K0 distribution. This agreement shows not only the
resonance nature of the unlike-sign pairs track pairs but it also confirms that any unlike-sign pair
Q distribution needs to be corrected before using it as a reference distribution. Let us note here,
that the ω resonance has two peaks. The higher one is at lower Q and corresponds to pi+pi−pi0
decay (89.2% of all decays), while the lower one at higher Q corresponds to pi+pi− decay (1.5%
of all decays).
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Figure 4.6: Comparison of the fit residuals of the exponential wave function parametrization
(Eq. 1.22) to the double ratio R2, together with the Q distributions (arbitrary normalization) cor-
responding to track pair selections with both tracks from the same type of resonance. The full
multiplicity range is taken into account.
To decrease the influence of the resonances, the region of the highest resonance peak (500 –
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900MeV) will be excluded from fits of C2(Q) using the unlike-sign pairs reference sample. This
does not cover the whole region of influence, however. It is impossible to exclude from the fit the
whole resonance region, as it covers also the region of the Bose-Einstein peak.
The impact of resonances on the Q distributions is well demonstrated in Fig. 4.6, where the
residuals of a fit of the exponential parametrization to the double ratio correlation function,R2(Q),
is shown together with the Q distributions of unlike-sign pairs with tracks coming from a partic-
ular type of resonance. The peaks of the residuals distribution correspond well to those of the
resonances. There are three main peaks in the residuals (in addition to the one in the region of
the Bose-Einstein peak) which correspond exactly to the three peaks originating in the resonance
contributions. One can conclude, that the major contribution to the χ2 of the fit is due to the
resonances peaks.
We conclude that the unlike-sign pairs are not proper for use as a reference sample without
major corrections for the impact of resonances. For this reason we will consider only the other
three reference samples in the following sections.
4.2 Opposite hemisphere, Event mixing and Rotated track reference
samples
In this section we explore in greater detail the three reference samples which behave rather
similarly. They preserve only some of the correlations of the original event, each providing a
different level of preservation.
4.2.1 Comparison of the reference samples
We can examine the consistency of the different reference samples by plotting the ratios of
their Q distributions and checking how much they differ from unity. The ratios of like-sign pairs
Q distributions are presented in Fig. 4.7, while similar ratios created using the unlike-sign pairs
are presented in Fig. 4.8. To check the results, the analogous plots for MC samples were created
and are presented in Fig. 4.9 and Fig. 4.10.
Looking at the plots, one can state that the unlike-sign pairs reference samples are in general
less consistent than the like-sign charge ones. This could possibly be caused by products of reso-
nances whose contribution seems to be not completely removed by the reference sample creating
techniques. (The discrepancy is large particularly in the ratios involving the rotated track sample.)
We can conclude, that the opposite hemisphere and the event mixing reference samples are
compatible within 2%, while the rotated track reference sample differs more significantly (∼4%
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Figure 4.7: Ratios of Q distributions for like-sign pairs from data: the rotated track distribution
divided by the opposite hemisphere one (left), the rotated track one divided by the mixed events
one (middle) and the opposite hemisphere one divided by the mixed events one (right).
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Figure 4.8: Ratios of Q distributions for unlike-sign pairs from data: the rotated track distribution
divided by the opposite hemisphere one (left), the rotated track one divided by the mixed events
one (middle) and the opposite hemisphere one divided by the mixed events one (right).
in the like-sign pairs case and ∼11% in the unlike-sign pairs one3). Such a large difference
between like-sign and unlike-sign samples could indicate that the inconsistency of the rotated track
sample is due to insufficient removal of some correlations. In the unlike-sign pairs sample, there
are stronger correlations (caused by decay products of resonances) and the lack of correlations
removal manifests itself more recognizably. However, we want to stress here, that the single fact
that the rotated track reference sample differs from the other two reference samples does not favor
any of them.
A further test of the ability to remove two-particle correlations of the signal sample can be
performed. When applying the same reference sample creating technique to both like-sign pairs
and unlike-sign pairs samples, the technique should remove the correlations from both, thus the
3This difference is more profound in the MC sample than in the data one.
58
4.2. Opposite hemisphere, Event mixing and . . . 4. Choice of reference distribution
 Q [GeV]
0 0.5 1 1.5 2
ls
 m
c 
ro
t/o
hp
0.9
0.95
1
1.05
1.1
1.15
ROT/OHP
 Q [GeV]
0 0.5 1 1.5 2
ls
 m
c 
ro
t/m
ix
0.9
0.95
1
1.05
1.1
1.15
ROT/MIX
 Q [GeV]
0 0.5 1 1.5 2
ls
 m
c 
oh
p/
m
ix
0.9
0.95
1
1.05
1.1
1.15
OHP/MIX
Figure 4.9: Ratios of Q distributions for like-sign pairs from MC: the rotated track distribution
divided by the opposite hemisphere one (left), the rotated track one divided by the mixed events
one (middle) and the opposite hemisphere one divided by the mixed events one (right).
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Figure 4.10: Ratios ofQ distributions for unlike-sign pairs from MC: the rotated track distribution
divided by the opposite hemisphere one (left), the rotated track one divided by the mixed events
one (middle) and the opposite hemisphere one divided by the mixed events one (right).
ratio of the Q distributions obtained for like-sign and for unlike-sign pairs should be unity. If
the ratio does not correspond to unity very precisely, the applied reference sample technique has
not removed all the correlations from at least one of the samples. Hence, such a technique is
not suitable for creating a satisfying reference sample as we are not sure it would remove BEC
completely.
The ratios of like-sign pairs and unlike-sign pairs distributions where the same reference sam-
ple creating technique is applied to both are presented in Fig. 4.11 for data samples and in Fig. 4.12
for MC samples.
Looking at the plots, we can state that the opposite hemisphere and event mixing techniques
show ratios compatible with unity within 2% (when not taking into account the very first bin).
This means that these techniques make satisfactory reference samples. However, the ratio for the
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Figure 4.11: For data, the ratio of the Q distributions of reference samples obtained for like-
sign and unlike-sign pairs using: mixed events (a), opposite hemisphere (b) and rotated track (c)
techniques.
rotated track technique is far from 1 (∼7%)4. Further, one can see that there is a dip for low Q
values in the rotated track technique ratio, which means that there is a prevalence of unlike-sign
pairs for low Q values, which corresponds to the resonance region (see Sec. 4.1). This indicates
that the correlations between tracks which are decay products of resonances are not completely
destroyed by the rotated track technique. For this reason, the rotated track technique is not proper
for creating a reference sample for the Bose-Einstein correlations studies. Hence, the next tests
we perform only concern the remaining two reference sample creating techniques: the opposite
hemisphere and the event mixing.
4The difference is less profound for the MC sample than for the data one, but the tendency is the same.
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Figure 4.12: For MC, the ratio of the Q distributions of reference samples obtained for like-
sign and unlike-sign pairs using: mixed events (a), opposite hemisphere (b) and rotated track (c)
techniques.
Further, one can see, that there is a small peak in very low Q values when using the mixed
events technique for both, data and MC samples and when using the opposite hemisphere tech-
nique for MC sample. It is caused by the different behavior of positive and negative like-sign pairs.
In Fig. 4.13, the momentum distributions of positively and negatively charged tracks are compared
in the data and the MC samples. One can see, that in both cases, the positive track distribution is
shifted to higher momentum values. The difference between mean momentum values of positive
and negative tracks is ∼1% and ∼0.5% in data and MC samples respectively. This asymmetry
is attributed to the fact, that the colliding particle are protons, which are of positive charge. The
influence of the different behavior of positive and negative like-sign charge pairs on fit results is
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studied in Sec. 5.6.
Comparing the plots of data and MC distributions in Fig. 4.11 and Fig. 4.12, one can see
that for the mixed events sample, the MC behaves quite similarly to the data, which is not case
for opposite hemisphere or rotated track samples. This is very important when using the R2(Q)
function (see Eq. 1.84) as the data and MC distributions need to be in agreement.
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Figure 4.13: The momentum distributions of positively and negatively charged tracks in the data
(left) and MC (right) samples.
4.2.2 The opposite hemisphere technique
In this section, some further tests of the opposite hemisphere reference sample creating tech-
nique are performed. In the MC sample we use, the effect of Bose-Einstein correlations is not
implemented. Thus an ideal reference sample creating technique which should just remove the
Bose-Einstein correlations would leave the MC like-sign pairs distribution unaffected. However,
we know that the opposite hemisphere technique does not preserve the dynamical correlations of
the event (it even introduces dynamical fake correlations as described below). This fact is man-
ifested in Fig. 4.14, where the the MC C2(Q) function with the reference sample created by the
opposite hemisphere technique is presented.
We can see, that the C2(Q) function is not unity as it would be in the ideal case, but it is
decreasing. When the momentum of one of the two particles is inverted to the opposite one, it
changes the Q value of a particle pair from low to high and vice-versa. According to Fig. 4.14,
these mutually opposite shifts of Q do not compensate each other, but they result in a prevalence
of high Q values in the opposite hemisphere distribution. The explanation of such a behavior
could be the fact, that when a track is from a region of increased track concentration (such as a
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Figure 4.14: The MC C2(Q) function with the reference sample created by the opposite hemi-
sphere technique for an interval of small multiplicity (left) and high multiplicity (right).
jet), the other region of increased track concentration is not exactly in the opposite direction, but it
is in general shifted in the longitudinal direction. Thus very low angle differences between tracks
(from the same jet) are converted to very high ones, while not so high angle differences between
tracks (from different jets) are converted to not so low ones. The problem is that the observed
slope can strongly affect the measurement of Bose-Einstein correlations. Therefore, the C2(Q)
function with the reference sample created by the opposite hemisphere technique is not a good
one for Bose-Einstein correlations studies.
There is a simple way to remove the observed dominance of the high Q values in the opposite
hemisphere reference sample. As the effect of Bose-Einstein correlations is not implemented in
the MC sample, we can just use the R2(Q) function instead of C2(Q) function. If the effect of
the high Q values dominance is comparable in the data and the MC samples, it is compensated in
their ratio. To check this compensation we apply the procedure to unlike-charge pairs, where there
are no Bose-Einstein correlations which might confound the issue. If the compensation is perfect,
R2(Q) will be unity for all Q. However, the unlike-sign pairs distribution contains the decay
products of resonances. Their proportions can be different in the data and the MC distributions,
causing some discrepancy in the resonance region. But the overall slope (particularly in the region
of the high Q values) should be similar.
The data and the MC unlike-sign pairs C2(Q) functions and their ratio, the R2(Q) function,
with the reference sample created by the opposite hemisphere technique are presented in Fig. 4.15.
The results are presented for two different multiplicity intervals: one of small multiplicity (11 ≤
nsel ≤ 20) and the second one of high multiplicity (61 ≤ nsel ≤ 70). Looking at the plots,
one can see that the data and the MC distributions are compatible within 1 % (when ignoring the
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Figure 4.15: The data and the MC unlike-sign pairs C2(Q) functions (top row) and their ratio—
the R2(Q) function (bottom row) with the reference sample created by the opposite hemisphere
technique for an interval of small multiplicity (left column) and high multiplicity (right column).
discrepancy in the resonance region) for both multiplicity intervals. More important is the fact,
that the R2(Q) function is flat for Q ≥ 1.2 GeV in both cases. We can conclude that using the
R2(Q) function solves the problem caused by the distortion of the Q distribution in the opposite
hemisphere reference sample. Thus the R2(Q) function with the reference sample created by the
opposite hemisphere technique is acceptable for the Bose-Einstein correlations studies.
We also want to study the dependences of the fitting parameters on the pT and kT of the pair
(for definition of pair transverse momentum kT see Sec. 5.3, particularly Eq. 5.1). Therefore, one
needs to check the opposite hemisphere technique for possible limitations of use in kT and pT
intervals. We perform the test described above for several kT and pT intervals. The unlike-sign
pairsR2(Q) functions with the reference sample created by the opposite hemisphere technique for
intervals of kT and pT are shown in Fig. 4.16 and Fig. 4.17.
One can see, that the opposite hemisphere technique works well for kT up to 700MeV and
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Figure 4.16: The unlike-sign pairs R2(Q) functions with the reference sample created by the
opposite hemisphere technique for first part of kT intervals.
pT up to 500MeV. For kT > 1000MeV and pT > 1000MeV, the opposite hemisphere technique
cannot be used. The intervals between, 700 – 1000MeV in kT and 500 – 1000MeV in pT, may be
used, but one should be careful with interpretation of results obtained in these intervals.
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Figure 4.17: The unlike-sign pairs R2(Q) functions with the reference sample created by the
opposite hemisphere technique for second part of kT intervals and pT intervals.
4.2.3 The event mixing technique
In this section, the issues and tests described in Sec. 4.2.2 are performed for the mixed events
reference sample technique.
The MC C2(Q) function with the reference sample created by the event mixing technique is
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Figure 4.18: The MC C2(Q) function with the reference sample created by the event mixing
technique for an interval of small multiplicity (left) and high multiplicity (right).
presented in Fig. 4.18. We can see, that the C2(Q) function profile is similar to that in the opposite
hemisphere technique case, i.e. the C2(Q) is not equal to 1 as it would be in the ideal case, but it
decreases withQ. This could be explained by the angular distribution of tracks in an event. Tracks
are usually not distributed uniformly around the collision point, but several regions of increased
track concentration (such as jets or products of resonances) are created. When a track from such
a region is combined with all the like-sign charge tracks in the event, there is a contribution of
nearby tracks from the same region, which give lower Q values than average. On the other hand,
when a track is combined with all the like-sign charge tracks in the previous event, there is in
general no nearby region of increased track concentration. As a result, there is a dominance of
high Q values in the event mixing sample comparing to the standard like-sign pair distribution
and the MC C2(Q) function decreases with Q. Just as in the case of the opposite hemisphere
technique, the problem is that the observed slope can strongly affect the measurement of Bose-
Einstein correlations. Therefore, the C2(Q) function with the reference sample created by the
event mixing technique is not a good one for the Bose-Einstein correlations studies.
Just as in the opposite hemisphere technique the distortion of the Q distribution can be com-
pensated by using R2(Q) instead of C2(Q).
Like for the opposite hemisphere technique, we check the efficacy of usingR2(Q) by applying
it to the case of unlike-charged pairs. The data and the MC unlike-sign pairs C2(Q) functions and
their ratio, the R2(Q) function, with the reference sample created by the event mixing technique
are presented in Fig. 4.19. The results are again compared for two different multiplicity intervals:
one of small multiplicity (11 ≤ nsel ≤ 20) and the second one of high multiplicity (61 ≤ nsel ≤
70). Looking at the plots, one can see that the data and the MC distributions are compatible within
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Figure 4.19: The data and the MC unlike-sign pairs C2(Q) functions (top row) and their ratio—
theR2(Q) function (bottom row) with the reference sample created by the event mixing technique
for an interval of small multiplicity (left column) and high multiplicity (right column).
2 % (when ignoring the discrepancy in the resonance region) for both multiplicity intervals. The
R2(Q) function is flat for Q ≥ 1.5 GeV in the low multiplicity interval, while for Q ≥ 1.2 GeV
in the high multiplicity one. This is a bit worse than in the case of opposite hemisphere technique,
but still sufficient. We can conclude that using of theR2(Q) function solves the problem caused by
the the Q distribution distortion in the event mixing reference sample. Thus the R2(Q) function
with reference sample created by the event mixing technique is suitable for the Bose-Einstein
correlations studies.
Just as in the case of the opposite hemisphere technique, we perform the test described above
for several kT and pT intervals. The unlike-sign pairs R2(Q) functions with the reference sample
created by the event mixing technique for intervals of kT and pT are shown in Fig. 4.20 and
Fig. 4.21.
One can see, that the event mixing technique works well for kT up to 700MeV and pT up
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Figure 4.20: The unlike-sign pairsR2(Q) functions with the reference sample created by the event
mixing technique for first part of kT intervals.
to 500MeV. For kT > 1000MeV and pT > 1000MeV, the event mixing technique cannot be
used. The intervals between, 700 – 1000MeV in kT and 500 – 1000MeV in pT, may be used, but
one should be careful with interpretation of results obtained in these intervals. These results are
very similar to those obtained for the opposite hemisphere technique. The biggest difference is in
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Figure 4.21: The unlike-sign pairsR2(Q) functions with the reference sample created by the event
mixing technique for second part of kT intervals and pT intervals.
intervals of highest kT and pT, where opposite hemisphere technique performs slightly better, but
in these intervals none of the techniques can be used.
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4.3 Choice of the reference sample
The unlike-sign pairs are not proper for use as a reference sample without corrections for the
impact of resonances. The contribution of resonance decay products to data and MC samples is
different, thus using the R2(Q) function is not sufficient for this correction.
The rotated track technique does not completely destroy the correlations in the signal sample,
thus it is not proper for creating of a reference sample for the Bose-Einstein correlations studies
(see Sec. 4.2.1).
Because of the prevalence of high Q values in the opposite hemisphere and event mixing
reference samples, the C2(Q) functions with the reference samples created by the opposite hemi-
sphere and event mixing techniques are not appropriate for the Bose-Einstein correlations studies.
However, using the R2(Q) functions solves this problem. Thus the the R2(Q) functions with the
reference samples created by the opposite hemisphere and event mixing techniques are both ap-
propriate for the Bose-Einstein correlations studies. The unlike-sign pairs R2(Q) function with
the opposite hemisphere reference sample is a bit more flat than the one with the event mixing
reference sample (see Sec. 4.2.2 and Sec. 4.2.3). On the other hand, the MC describes the data
better in the case of event mixing when creating the ratio of the like-sign pairs distribution and
the unlike-sign pairs distribution where the same reference sample creating technique is applied to
both (see Sec. 4.2.1).
Having no clear reason to choose between the event mixing and opposite hemisphere tech-
niques, we have arbitrarily decided to use the opposite hemisphere technique as the main one for
the studies presented in this thesis. On the other hand, there are some practical advantages of
the opposite hemisphere technique like shorter time needed for computer calculations (one does
not need to combine different events). Moreover, the mixing of events can be performed by sev-
eral ways, thus the results are subject to the choice of mixing method, while inverting the track
momentum is unambiguous.
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Chapter 5
Results of fits ofR2(Q) using the
opposite hemisphere reference sample
In this chapter, the Bose-Einstein correlations studies performed using the opposite hemi-
sphere reference sample are presented. The R2(Q) function (see Eq. 1.84) has been fitted by
functions corresponding to three different parametrizations of the source emission probability in
the wave function approach (WF): the Gaussian (Eq. 1.21), the Lorentzian (Eq. 1.22) and the Lévy
(Eq. 1.23); as well two parametrizations of the quantum optical approach: the Gaussian (Eq. 1.70
and exponential (Eq. 1.71). In addition, the τ model fits (Eq. 1.80 and Eq. 1.81) are presented. All
the fits are carried out in the Q range of 20MeV – 2GeV. The region below 20MeV is excluded in
order to avoid badly reconstructed or split tracks at very low Q values. Since for small Q values
the Q resolution is about 5MeV and in the important interval for BEC the Q resolution does not
exceed 20MeV (see Sec. 2.4, particularly the left plot of Fig. 2.6), this exclusion should be suffi-
cient to avoid any problems of the detector resolution. For similar reasons, the bin width is chosen
to be 20MeV. The upper Q boundary of the fit is chosen to be far away from the BEC sensitive
region as well as far enough to determine the long-range correlations. However, as is investigated
in Sec. 5.8, the choice of upper Q boundary greatly affects the fit results.
First we fit R2(Q) for the entire sample. Then we investigate the dependence of the fit param-
eters on multiplicity, pair transverse momentum and particle transverse momentum. Moreover,
we study a possible difference in results obtained using only positive and only negative like-sign
pairs. Finally we investigate systematic uncertainties.
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5.1 Entire sample
Results of the seven fits are shown in Fig. 5.1, and the fitted parameters are summarized in
Tables 5.1 –5.3. The χ2 of the fits is also presented for the region of the BEC peak, the anticorre-
lation region and the tail separately. In each of these regions, the number of bins is stated rather
than the number of degrees of freedom. The first region is chiefly responsible for determining R
and λ (and α in the cases of the Lévy fit and τ model fit) whereas the other two regions are mainly
responsible for determining C0 and ε. Therefore it is reasonable to treat the peak region as ndf =
bins-2 (ndf = bins-3 for the Lévy and τ model fits). For the other two regions, we can arbitrarily
consider ndf = bins-1.
fit Gaussian Exponential Lévy
α ≡ 2 ≡ 1 0.81±0.01±0.18
C0 0.9778±0.0002 0.9740±0.0002 0.9725±0.0003
λ 0.302±0.002±0.019 0.701±0.006±0.067 1.016±0.030±0.407
R [fm] 1.046±0.005±0.114 2.021±0.012±0.281 2.960±0.094±1.309
ε [GeV−1] 0.0125±0.0002 0.0153±0.0002 0.0163±0.0002
χ2/ndf 5932 / 95 1963 / 95 1755 / 94
χ2/bins (20 ≤ Q ≤ 360) 3313 / 17 389 / 17 116 / 17
χ2/bins (360 ≤ Q ≤ 1600) 2405 / 62 1175 / 62 1161 / 62
χ2/bins (1600 ≤ Q ≤ 2000) 214 / 20 399 / 20 478 / 20
Table 5.1: The results of fits of the R2(Q) correlation function with the opposite hemisphere
like-sign pairs reference sample with 3 fitting functions: the Gaussian (Eq. 1.21), the exponential
(Eq. 1.22) and the Lévy (Eq. 1.23) parametrizations of source emission probability in the wave
function approach. The first (only) error shows the statistical uncertainty and the second error
shows the systematic uncertainty (see Sec. 5.7).
Looking at the figure and the tables one can see that none of the functions provides a good fit
of the data. Of these, the Gaussian parametrization fits are by far the worst. The χ2/ndf is more
than three times higher than for the other parametrizations in both, the WF and QO approaches.
Furthermore, most of the huge χ2/ndf originates in the region of the BEC peak, which is most
important for the BEC studies. It is interesting that Gaussian parametrizations of two different
approaches (WF and QO) give very similar results (one can see only a tiny difference between
the two functions for very small Q and the values of R agree). Further, one can see that the Lévy
fitting parameter value α = 0.81 is smaller than 1, thus the exponential fit is by all means preferred
to the Gaussian one in WF. The R2(Q) correlation function decreases more steeply than allowed
by the Gaussian and the exponential fits give much better descriptions of this behavior. The Lévy
fit gives yet better agreement, as one sees in the magnified view of the BEC region in Fig. 5.1 as
well as comparing the χ2 values in the BEC peak region. However, the exponential fit has been
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Figure 5.1: TheR2(Q) correlation function with the opposite hemisphere like-sign pairs reference
sample fitted by 7 fitting functions, three corresponding to different parametrizations of the source
emission probability in the WF approach: the Gaussian (Eq. 1.21), the exponential (Eq. 1.22) and
the Lévy (Eq. 1.23); two corresponding to parametrizations in the QO approach: the Gaussian
(Eq. 1.70) and the exponential (Eq. 1.71); and Tau model parametrizations (Eq. 1.80 and Eq. 1.81)
(a) and details of the BEC peak region (b) and the anticorrelation part (c). The error bars represent
the statistical uncertainties.
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fit Gaussian Exponential
C0 0.9777±0.0002 0.9731±0.0002
p 0.169±0.002±0.012 0.606±0.013±0.106
R [fm] 1.032±0.005±0.112 1.779±0.006±0.185
ε [GeV−1] 0.0125±0.0002 0.0159±0.0002
χ2/ndf 5693 / 95 1737 / 95
χ2/bins (20 ≤ Q ≤ 360) [MeV] 3113 / 17 157 / 17
χ2/bins (360 ≤ Q ≤ 1600) [MeV] 2363 / 62 1135 / 62
χ2/bins (1600 ≤ Q ≤ 2000) [MeV] 217 / 20 445 / 20
Table 5.2: The results of fits of the R2(Q) correlation function with the opposite hemisphere like-
sign pairs reference sample fitted by two parametrizations of the quantum optical approach: the
Gaussian (Eq. 1.70) and the exponential (Eq. 1.71). The first (only) error shows the statistical
uncertainty and the second error shows the systematic uncertainty (see Sec. 5.7).
fit Eq. 1.80 Eq. 1.81
α 0.292±0.003±0.047 0.107±0.001±0.018
C0 0.9872±0.0003 1.3349±0.0072
λ 1.200±0.035±0.529 3.162±0.037±0.774
R [fm] 3.45±0.12±2.05 19.03±0.63±9.51
ε [GeV−1] 0.0074±0.0002 -0.0638±0.0004
Ra [fm] - 24.1±1.1±12.0
χ2/ndf 965 / 94 311 / 93
χ2/bins (20 ≤ Q ≤ 360) [MeV] 186 / 17 115 / 17
χ2/bins (360 ≤ Q ≤ 1600) [MeV] 600 / 62 177 / 62
χ2/bins (1600 ≤ Q ≤ 2000) [MeV] 179 / 20 19 / 20
Table 5.3: The results of fits of the R2(Q) correlation function with the opposite hemisphere like-
sign pairs reference sample fitted by the τ model functions (Eq. 1.80 and Eq. 1.81). The first (only)
error shows the statistical uncertainty and the second error shows the systematic uncertainty (see
Sec. 5.7).
used by most of the experiments. Therefore in the following, the exponential rather than the Lévy
fit is considered the nominal one.
One can see that QO fits provide in general a slightly better description of the data than the
WF fits. The χ2/ndf is lower by 11.5% for the exponential parametrization. This is no dramatic
difference and it can be expected, as the QO function is more general. On the other hand, the
difference of χ2 in the BEC peak region is huge. It is ∼2.5 times higher in the case of WF fit than
76
5.2. Multiplicity dependence 5. Results of fits of R2(Q) using the opposite . . .
in the QO case.
Although the χ2/ndf is smaller for the exponential and Lévy fitting functions, its value is
still too high. The main reason for the high χ2/ndf of the WF and QO parametrizations is their
inability to describe the anticorrelation region around 0.5 – 1GeV as is seen in the blow-up of this
region in Fig. 5.1. The τ model fit gives a better description of this region resulting in further
improvement of the χ2/ndf (it is about half that of the exponential fits). However, the description
is still inadequate and the χ2/ndf is too high. Further, the description of the BEC peak is better
for the Lévy WF fitting function than for the τ model fit. Thus the advantage of the τ model is
only in the description of the anticorrelation region and the tail. The τ model fit with Ra as a
free parameter gives a further big improvement of χ2/ndf . This improvement is chiefly due to a
better description of the anticorrelation region and the tail. In fact it is the only function which can
describe both the anticorrelation region and the tail reasonably well, while the description of the
BEC peak is the same as in the case of the Lévy WF fitting function.
In the following sections, possible dependence of the BEC effect on track and kinematic
observables (multiplicity, particle transverse momentum and transverse momentum of a particle
pair) is investigated. For this purpose, the exponential parametrizations of WF and QO, the Lévy
parametrization of WF and the τ model fit with Ra as a free parameter will be used.
5.2 Multiplicity dependence
In this section, the dependence of the fitting parameters on the charged particle multiplicity
of the event is studied. The fits are performed and compared for 8 different multiplicity intervals.
The intervals of the selected track multiplicity nsel and corresponding mean charged particle mul-
tiplicity 〈nch〉 in an event used for this analysis are presented in Table 5.4. The fraction of the total
number of pairs is also indicated.
nsel 〈nch〉 Fraction of pairs [%]
2− 10 9.3 36.9
11− 20 21.4 25.0
21− 30 35.3 14.9
31− 40 48.4 9.5
41− 50 61.0 6.0
51− 60 73.3 3.6
61− 70 85.5 2.0
≥ 71 108.6 2.0
Table 5.4: The multiplicity binning statistics.
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Figure 5.2: The R2(Q) correlation functions with the opposite hemisphere like-sign pairs refer-
ence sample for different multiplicity intervals fitted by the exponential WF (Eq. 1.22), Lévy WF
(Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra free (Eq. 1.81) functions. The error
bars represent the statistical uncertainties. (First half of the intervals.)
TheR2(Q) correlation functions, using the opposite hemisphere reference sample for different
multiplicity intervals are shown in Fig. 5.2 with the results of the exponential WF and QO fits, the
Lévy parametrization of WF and the τ model fit with Ra as a free parameter. The details of the
BEC peak regions and the anticorrelation parts are shown in Fig. B.1 in Appendix B. The values
of the parameters of the fits are given in Tables 5.5 – 5.8. In the cases of Lévy WF and τ model
with Ra free, the α parameters were kept fixed to the values obtained from the whole range fits
(see Table 5.1 and Table 5.3).
In Fig. 5.2 one can see that the R2(Q) function becomes slightly flatter at large Q values
with increasing multiplicity. This could mean that long-range correlations are less important at
high multiplicity than at low multiplicity. Moreover, the χ2 is in general lower for the higher
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Figure 5.2 continued: The R2(Q) correlation functions with the opposite hemisphere like-sign
pairs reference sample for different multiplicity intervals fitted by the exponential WF (Eq. 1.22),
Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra free (Eq. 1.81) functions.
The error bars represent the statistical uncertainties. (Second half of the intervals.)
multiplicity regions than for the lower ones (except of the lowest multiplicity interval). This is (at
least partly) due to the smaller number of pairs in these intervals which results in larger statistical
errors.
One can see, that the χ2/ndf is in general lowest for the τ model fit because it can describe the
anticorrelation region. The χ2/ndf is very similar for the QO and Lévy WF fits in all multiplicity
intervals. It is lower for these two fits than for the exponential WF fit in all intervals except the
highest multiplicity one, where it is very similar.
The best description of the BEC peak is in general given by the τ model and Lévy WF fits,
followed by the exponential QO fit, while the exponential WF fit gives the worst description. The
first (lowest) Q bins are usually better described by the Lévy WF fit, while the next bins by the τ
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nsel C0 λ R [fm] ε [TeV−1] χ2/ndf
2–10 0.9406±0.0027 0.89±0.01±0.03 0.98±0.02±0.07 0.5±2.0 177 / 95
11–20 0.9577±0.0009 0.79±0.01±0.03 1.43±0.02±0.12 17.4±0.7 311 / 95
21–30 0.9669±0.0006 0.74±0.01±0.06 1.78±0.02±0.24 18.0±0.5 461 / 95
31–40 0.9750±0.0005 0.72±0.01±0.07 1.98±0.02±0.30 12.7±0.4 390 / 95
41–50 0.9808±0.0005 0.73±0.02±0.06 2.21±0.03±0.28 8.9±0.4 379 / 95
51–60 0.9840±0.0005 0.71±0.02±0.07 2.37±0.04±0.32 7.0±0.4 271 / 95
61–70 0.9855±0.0006 0.73±0.03±0.06 2.49±0.06±0.25 6.4±0.5 149 / 95
≥ 71 0.9878±0.0006 0.75±0.04±0.05 2.87±0.09±0.25 5.9±0.5 204 / 95
≥ 2 0.9740±0.0002 0.70±0.01±0.07 2.02±0.01±0.28 15.3±0.2 1963/ 95
≥ 11 0.9745±0.0002 0.71±0.01±0.07 2.11±0.01±0.30 15.4±0.2 1905/ 95
Table 5.5: The results of exponential WF fit (Eq. 1.22) of the R2(Q) correlation function with the
opposite hemisphere like-sign pairs reference sample for different multiplicity intervals. The first
(only) error shows the statistical uncertainty and the second error shows the systematic uncertainty.
nsel C0 λ R [fm] ε [TeV−1] χ2/ndf
2–10 0.9251±0.0033 1.18±0.02±0.05 1.27±0.03±0.14 10.2±2.4 166 / 95
11–20 0.9529±1.0000 1.09±0.02±0.07 2.01±0.03±0.23 20.7±0.8 278 / 95
21–30 0.9646±0.0006 1.05±0.02±0.12 2.57±0.04±0.42 19.7±0.5 402 / 95
31–40 0.9734±0.0005 1.04±0.02±0.12 2.90±0.04±0.50 13.9±0.4 362 / 95
41–50 0.9796±0.0005 1.07±0.03±0.12 3.27±0.05±0.49 9.8±0.4 339 / 95
51–60 0.9829±0.0005 1.03±0.03±0.13 3.49±0.07±0.54 7.8±0.4 261 / 95
61–70 0.9846±0.0007 1.08±0.05±0.09 3.70±0.10±0.43 7.0±0.5 140 / 95
≥ 71 0.9871±0.0007 1.10±0.06±0.10 4.26±0.14±0.45 6.3±0.5 207 / 95
≥ 2 0.9725±0.0002 1.02±0.01±0.12 2.96±0.02±0.48 16.3±0.2 1755 / 95
≥ 11 0.9731±0.0002 1.04±0.01±0.14 3.09±0.02±0.51 16.4±0.2 1742 / 95
Table 5.6: The results of Lévy WF fit (Eq. 1.23) of the R2(Q) correlation function with the oppo-
site hemisphere like-sign pairs reference sample for different multiplicity intervals. The parameter
α ≡ 0.8111 is fixed to the value obtained from fitting the whole multiplicity range. The first (only)
error shows the statistical uncertainty and the second error shows the systematic uncertainty.
model fit. In the intervals of high multiplicity, the exponential QO and WF fits perform better than
in general. Only the τ model fit is able to describe the anticorrelation region, thus it gives the best
description of the R2(Q) function tail. The other three functions are more or less the same in this
region (they do not follow the data).
One can see in Table 5.8, that Ra values decrease with nch, except of the interval of highest
multiplicity. This is caused by the fact, that the depth of the anticorrelation region is decreasing
with multiplicity as can be seen in Fig. B.1.
The fitted values of R and λ/p listed in Tables 5.5 – 5.8 are also shown as functions of the
multiplicity in Fig. 5.3. One can see that the behavior of WF and QO fit functions is very similar.
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nsel C0 p R [fm] ε [TeV−1] χ2/ndf
2–10 0.9249±0.0033 0.84±0.02±0.08 0.61±0.01±0.04 10.1±2.4 178 / 95
11–20 0.9532±0.0009 0.69±0.02±0.04 1.13±0.01±0.08 20.5±0.8 284 / 95
21–30 0.9653±0.0006 0.65±0.03±0.10 1.50±0.01±0.13 19.2±0.5 404 / 95
31–40 0.9739±0.0005 0.62±0.03±0.10 1.72±0.01±0.20 13.5±0.4 356 / 95
41–50 0.9799±0.0005 0.68±0.04±0.08 1.87±0.03±0.17 9.6±0.4 336 / 95
51–60 0.9833±0.0005 0.62±0.05±0.13 2.07±0.03±0.20 7.5±0.4 256 / 95
61–70 0.9847±0.0006 0.68±0.07±0.10 2.11±0.06±0.21 6.9±0.5 139 / 95
≥ 71 0.9872±0.0006 0.65±0.09±0.13 2.42±0.07±0.30 6.3±0.5 204 / 95
≥ 2 0.9731±0.0002 0.61±0.01±0.11 1.78±0.01±0.18 15.9±0.2 1737/ 95
≥ 11 0.9736±0.0002 0.63±0.01±0.11 1.83±0.01±0.19 16.1±0.2 1714/ 95
Table 5.7: The results of exponential QO fit (Eq. 1.71) of the R2(Q) correlation function with the
opposite hemisphere like-sign pairs reference sample for different multiplicity intervals. The first
(only) error shows the statistical uncertainty and the second error shows the systematic uncertainty.
nsel 10
3 × C0 λ R [fm] ε [TeV−1] Ra [fm] χ2/ndf
2–10 1791±15 0.87±0.02±0.81 0.05± 0.01± 0.54 -105.9±3.7 37.4±0.8 165 / 94
11–20 1540± 8 2.17±0.04±2.67 4.08± 0.18± 8.69 -83.5±1.9 27.7±0.4 167 / 94
21–30 1423± 5 2.63±0.08±1.16 9.66± 0.61± 9.45 -74.0±1.4 26.7±0.5 149 / 94
31–40 1360± 9 3.05±0.14±1.01 16.41± 1.71± 10.78 -69.5±1.8 24.8±0.8 109 / 94
41–50 1255±23 4.66±0.57±1.19 46.57±11.24± 25.41 -55.5±4.1 19.0±1.5 111 / 94
51–60 1222±23 4.78±0.65±2.42 57.46±15.27± 46.01 -51.3±4.3 18.6±1.6 124 / 94
61–70 1109±19 9.73±1.61±2.85 224.80±62.34±101.79 -28.6±4.4 11.8±1.1 107 / 94
≥ 71 1120±20 8.34±1.59±3.98 200.04±63.45±162.33 -33.1±4.6 14.0±1.4 144 / 94
≥ 2 1348± 9 2.95±0.12±0.86 16.30± 1.57± 11.81 -66.3±1.6 25.3±0.7 309 / 94
≥ 11 1326±11 3.28±0.18±0.90 21.24± 2.49± 14.09 -63.4±1.9 24.0±0.9 288 / 94
Table 5.8: The results of Tau fit with Ra as a free parameter (Eq. 1.81) of the R2(Q) correlation
function with the opposite hemisphere like-sign pairs reference sample for different multiplicity
intervals. The parameter α ≡ 0.1071 is fixed to the value obtained from fitting the whole multi-
plicity range. The first (only) error shows the statistical uncertainty and the second error shows
the systematic uncertainty.
The radiusR increases with the multiplicity. The λ and p clearly decrease with multiplicity for the
low multiplicity intervals. They are consistent with being constant at high multiplicity, although
the errors are too large to determine the exact behavior, and the statistical error bars can even
cover a slightly decreasing behavior. It is very interesting that the behavior of R for all three
functions is quite the same. Even the behavior of λ and p is similar in all rises and falls. The τ
model fit parameters have a bit different behavior, which is expected as they have slightly different
interpretation. Both R and λ clearly increase with multiplicity.
The last lines of Tables 5.5 – 5.8 show the measured BEC parameters for the whole multiplicity
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Figure 5.3: The R2(Q) function fit parameters R (left) and λ/p (right) from the wave func-
tion exponential (above) and Lévy (middle) parametrizations and the quantum optics exponential
parametrization (below) as functions of track multiplicity obtained with opposite hemisphere ref-
erence samples. The vertical error bars represent both the statistical and the total uncertainties.
The horizontal error bars represent the multiplicity intervals (the error bar margins show mean nch
values corresponding to the margins of nsel intervals).
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Figure 5.3 continued: The R2(Q) function fit parameters R (left) and λ (right) from the τ model
approach with Ra as a free parameter as functions of track multiplicity obtained with opposite
hemisphere reference samples. The vertical error bars represent both the statistical and the total
uncertainties. The horizontal error bars represent the multiplicity intervals (the error bar margins
show mean nch values corresponding to the margins of nsel intervals).
range excluding the events with very low multiplicity. This should exclude diffractive-type events.
One can see, that the parameter values are similar to those obtained for the whole multiplicity
range, i.e. for all events (the differences are smaller than the differences between neighboring
multiplicity intervals). Also, the exclusion of the diffractive-type events results in a somewhat
larger value of R, as is to be expected given the very small value of R in the lowest multiplicity
interval, comparing to the following interval. One can conclude that diffractive-type events have a
smaller source radius.
5.3 Pair transverse momentum dependence
In this section we study the dependence of the BEC effect on the average transverse momentum
kT of the pair of particles defined as half of the absolute vector sum of the two transverse momenta
kT =
|pT,1 + pT,2|
2
, (5.1)
where pT,1 and pT,2 are the transverse momenta of the two particles in the pair.
The kT intervals used in this analysis are presented in Table 5.9. For each interval, the fraction
of pairs is indicated. The kT intervals are chosen to have comparable statistics.
TheR2(Q) correlation functions, using the opposite hemisphere reference sample for different
pair transverse momentum intervals are shown in Fig. 5.4. The exponential WF and QO fits, the
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kT [MeV] 〈kT〉 [MeV] Fraction of pairs [%]
100− 200 153 12.6
200− 300 249 16.5
300− 400 348 15.5
400− 500 448 12.6
500− 600 547 9.6
600− 700 647 7.2
700− 1000 826 12.1
Table 5.9: The pair transverse momentum binning statistics.
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Figure 5.4: The R2(Q) correlation functions with the opposite hemisphere like-sign pairs ref-
erence sample for different pair transverse momentum intervals fitted by the exponential WF
(Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra free (Eq. 1.81)
fitting function. The error bars represent the statistical uncertainties. (First part of the intervals.)
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Figure 5.4 continued: The R2(Q) correlation functions with the opposite hemisphere like-sign
pairs reference sample for different pair transverse momentum intervals fitted by the exponen-
tial WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra free
(Eq. 1.81) function. The error bars represent the statistical uncertainties. (Second part of the
intervals.)
Lévy parametrization of WF and the τ model fit with Ra as a free parameter are shown. The
details of the BEC peak regions and the anticorrelation parts are shown in Fig. B.2 in Appendix
B. The results of the fits are summarized in Tables 5.10 – 5.13. In the cases of Lévy WF and τ
model with Ra free, the α parameters were kept fixed to the values obtained from the whole range
fits (see Table 5.1 and Table 5.3).
One can see, that the χ2/ndf is in general lowest for the τ model fit. For Lévy WF, it is lower
than for QO fits, while for exponential WF, it is highest. There is an exception of this behavior
in the interval of highest kT. Let us recall here that this highest kT interval is problematic when
using the opposite hemisphere technique (see Sec. 4.2.2 and Fig. 4.17) and one should be careful
about interpretation of fit results in this interval. Indeed, in Fig. 5.4, one can see, that in the R2
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kT [MeV] C0 λ R [fm] ε [TeV−1] χ2/ndf
100 – 200 0.9772±0.0006 0.73±0.01±0.04 1.89±0.03±0.17 1.0±0.5 313 / 95
200 – 300 0.9824±0.0005 0.72±0.01±0.04 2.04±0.02±0.18 2.6±0.4 957 / 95
300 – 400 0.9868±0.0005 0.64±0.01±0.04 2.05±0.02±0.17 3.8±0.4 746 / 95
400 – 500 0.9891±0.0005 0.58±0.01±0.03 2.07±0.03±0.18 4.7±0.4 478 / 95
500 – 600 0.9895±0.0006 0.56±0.01±0.05 2.17±0.04±0.27 6.0±0.5 332 / 95
600 – 700 0.9856±0.0007 0.55±0.02±0.05 2.25±0.05±0.25 10.7±0.6 234 / 95
700 –1000 0.9744±0.0006 0.53±0.02±0.09 2.56±0.05±0.46 21.8±0.5 542 / 95
≥ 100 0.9740±0.0002 0.70±0.01±0.07 2.02±0.01±0.28 15.3±0.2 1963 / 95
Table 5.10: The results of exponential WF fit (Eq. 1.22) of the R2(Q) correlation function with
the opposite hemisphere like-sign pairs reference sample for different pair transverse momentum
intervals. The first (only) error shows the statistical uncertainty and the second error shows the
systematic uncertainty.
kT [MeV] C0 λ R [fm] ε [TeV−1] χ2/ndf
100 – 200 0.9749±0.0007 1.03±0.02±0.06 2.73±0.04±0.27 2.6±0.6 243 / 95
200 – 300 0.9792±0.0005 0.97±0.01±0.06 2.81±0.03±0.28 4.9±0.4 616 / 95
300 – 400 0.9840±0.0005 0.87±0.01±0.06 2.84±0.03±0.27 5.9±0.4 457 / 95
400 – 500 0.9869±0.0006 0.80±0.01±0.05 2.90±0.04±0.29 6.2±0.5 336 / 95
500 – 600 0.9879±0.0007 0.79±0.02±0.08 3.09±0.06±0.44 7.2±0.5 277 / 95
600 – 700 0.9843±0.0008 0.77±0.03±0.08 3.22±0.08±0.43 11.6±0.6 233 / 95
700 –1000 0.9736±0.0006 0.76±0.03±0.16 3.75±0.09±0.79 22.4±0.5 568 / 95
≥ 100 0.9725±0.0002 1.02±0.01±0.12 2.96±0.02±0.48 16.3±0.2 1755 / 95
Table 5.11: The results of Lévy WF fit (Eq. 1.23) of the R2(Q) correlation function with the
opposite hemisphere like-sign pairs reference sample for different pair transverse momentum in-
tervals. The parameter α ≡ 0.8111 is fixed to the value obtained from fitting the whole range.
The first (only) error shows the statistical uncertainty and the second error shows the systematic
uncertainty.
of this interval, the anticorrelation region is more pronounced than it is in the other intervals. It is
manifested also by a strikingly higher value of the ε parameter for high kT for WF and QO fitting
functions (the ε increases in all intervals, but the increase is accelerated for high kT).
The best description of the BEC peak is in general given by the τ model and Lévy WF fits.
The exponential QO fit gives only a bit worse description, while the exponential WF fit gives the
worst description. Only the τ model fit is able to describe the anticorrelation region, thus it gives
the best description of the R2(Q) function tail. The other three functions do not follow the data in
this region. They are more or less the same in the intervals of high kT. In intervals of smaller kT
they differ in slope.
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kT [MeV] C0 p R [fm] ε [TeV−1] χ2/ndf
100 – 200 0.9757±0.0006 0.67±0.03±0.08 1.60±0.02±0.11 2.0±0.5 246 / 95
200 – 300 0.9809±0.0005 0.59±0.01±0.07 1.76±0.01±0.13 3.7±0.4 688 / 95
300 – 400 0.9860±0.0005 0.48±0.01±0.06 1.87±0.01±0.13 4.4±0.4 574 / 95
400 – 500 0.9885±0.0005 0.41±0.01±0.04 1.94±0.02±0.16 5.1±0.5 406 / 95
500 – 600 0.9891±0.0006 0.39±0.01±0.05 2.04±0.03±0.24 6.3±0.5 303 / 95
600 – 700 0.9852±0.0007 0.37±0.02±0.05 2.12±0.04±0.22 10.9±0.6 230 / 95
700 –1000 0.9742±0.0006 0.35±0.02±0.08 2.43±0.04±0.40 22.0±0.5 546 / 95
≥ 100 0.9731±0.0002 0.61±0.01±0.11 1.78±0.01±0.18 15.9±0.2 1737/ 95
Table 5.12: The results of exponential QO fit (Eq. 1.71) of the R2(Q) correlation function with
the opposite hemisphere like-sign pairs reference sample for different pair transverse momentum
intervals. The first (only) error shows the statistical uncertainty and the second error shows the
systematic uncertainty.
kT [MeV] 103 × C0 λ R [fm] ε [TeV−1] Ra [fm] χ2/ndf
100 – 200 1312±30 3.8±0.5±1.7 25.2±7.2±27.1 -67.9±5.2 20.1±2.0 136 / 94
200 – 300 1329±17 2.9±0.2±1.1 16.9±2.7±16.5 -67.6±3.2 23.3±1.3 324 / 94
300 – 400 1193±19 4.2±0.4±1.6 47.4±9.1±42.4 -39.4±3.7 15.6±1.2 260 / 94
400 – 500 1214±20 3.4±0.4±1.4 34.9±8.1±39.6 -44.0±4.0 18.5±1.6 201 / 94
500 – 600 1275±23 2.5±0.3±1.3 18.0±5.5±29.4 -57.6±4.6 25.6±2.5 133 / 94
600 – 700 1309±25 1.8±0.3±1.0 9.3±3.8±14.4 -64.1±5.6 32.9±3.7 132 / 94
700 –1000 1320± 6 1.4±0.1±0.8 4.9±0.5± 5.7 -68.2±1.7 44.6±1.1 184 / 94
≥ 100 1348± 9 3.0±0.1±0.9 16.3±1.6±11.8 -66.3±1.6 25.3±0.7 309 / 94
Table 5.13: The results of τ model fit with Ra as a free parameter (Eq. 1.81) of the R2(Q) cor-
relation function with the opposite hemisphere like-sign pairs reference sample for different pair
transverse momentum intervals. The parameter α ≡ 0.1071 is fixed to the value obtained from
fitting the whole range. The first (only) error shows the statistical uncertainty and the second error
shows the systematic uncertainty.
The fitted values of R and λ listed in Tables 5.10 – 5.13 are also shown as functions of the
pair transverse momentum in Fig. 5.5. One can see that the radius R increases with kT, while λ
as well as p clearly decrease with the kT for all WF and QO fits. The increase of R seems to be
a bit stronger for the WF fits, than for the QO fit. The behavior of λ and p is quite similar for all
WF and QO fits. For the τ model fit, both R and λ clearly decrease with kT except for the two
intervals of the lowest kT.
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Figure 5.5: The R2(Q) function fit parameters R (left) and λ/p (right) from the wave func-
tion exponential (above) and Lévy (middle) parametrizations and the quantum optics exponential
parametrization (below) as functions of track pair transverse momentum obtained with opposite
hemisphere reference samples. The error bars represent both the statistical and the total uncertain-
ties.
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Figure 5.5 continued: The R2(Q) function fit parameters R (left) and λ (right) from the τ model
approach as functions of track pair transverse momentum obtained with opposite hemisphere ref-
erence samples. The error bars represent both the statistical and the total uncertainties.
5.4 Hadron transverse momentum dependence
In this section we study the dependence of the BEC effect on the particle transverse momen-
tum, pT. Again, the pT intervals are chosen to have comparable statistics, see Table 5.14. Pairs of
particles are selected requiring both particles to have pT in the same interval.
pT [MeV] 〈pT〉 [MeV] Fraction of pairs [%]
100− 300 201 26.3
300− 500 392 27.4
500− 1000 698 30.9
Table 5.14: The transverse momentum binning statistics.
TheR2(Q) correlation functions, using the opposite hemisphere reference sample for different
transverse momentum intervals are shown in Fig. 5.6. The exponential WF and QO fits, the Lévy
parametrization of WF and the τ model fit with Ra as a free parameter are shown. The details
of the BEC peak regions and the anticorrelation parts are shown in Fig. B.3 in Appendix B. The
results of the fits are summarized in Tables 5.15 – 5.18. In the cases of Lévy WF and τ model
with Ra free, the α parameters were kept fixed to the values obtained from the whole range fits
(see Table 5.1 and Table 5.3).
The χ2/ndf increases with pT for all the fit functions. It is obviously caused by the anticorre-
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Figure 5.6: The R2(Q) correlation functions with the opposite hemisphere like-sign pairs refer-
ence sample for different transverse momentum intervals fitted by the exponential WF (Eq. 1.22),
Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra free (Eq. 1.81) fitting func-
tions. The error bars represent the statistical uncertainties.
pT [MeV] C0 λ R [fm] ε [TeV−1] χ2/ndf
100 – 300 0.9776±0.0009 0.82±0.01±0.03 2.08±0.03±0.10 -23.6±1.0 196 / 95
300 – 500 0.9748±0.0006 0.70±0.01±0.03 1.68±0.01±0.16 13.0±0.6 530 / 95
500 –1000 0.9612±0.0006 0.62±0.01±0.03 1.81±0.02±0.20 29.3±0.5 886 / 95
≥ 100 0.9740±0.0002 0.70±0.01±0.07 2.02±0.01±0.28 15.3±0.2 1963/ 95
Table 5.15: The results of exponential WF fit (Eq. 1.22) of the R2(Q) correlation function with
the opposite hemisphere like-sign pairs reference sample for different intervals of the particle
transverse momentum. The first (only) error shows the statistical uncertainty and the second error
shows the systematic uncertainty.
lation region which becomes more pronounced with increasing pT. It is also demonstrated in the
fact that the τ model function, which is able to describe the anticorrelation region does not give
such huge χ2/ndf in the interval of the highest pT as the other functions. The τ model fit gives in
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pT [MeV] C0 λ R [fm] ε [TeV−1] χ2/ndf
100 – 300 0.9727±0.0010 1.12±0.02±0.05 2.89±0.04±0.15 -19.7±1.1 175 / 95
300 – 500 0.9697±0.0007 0.91±0.01±0.05 2.25±0.02±0.26 16.8±0.7 438 / 95
500 –1000 0.9595±0.0006 0.83±0.01±0.06 2.54±0.03±0.37 30.5±0.5 1081 / 95
≥ 100 0.9725±0.0002 1.02±0.01±0.12 2.96±0.02±0.48 16.3±0.2 1755 / 95
Table 5.16: The results of Lévy WF fit (Eq. 1.23) of the R2(Q) correlation function with the op-
posite hemisphere like-sign pairs reference sample for different intervals of the particle transverse
momentum. The parameter α ≡ 0.8111 is fixed to the value obtained from fitting the whole range.
The first (only) error shows the statistical uncertainty and the second error shows the systematic
uncertainty.
pT [MeV] C0 p R [fm] ε [TeV−1] χ2/ndf
100 – 300 0.9724±0.0009 0.74±0.03±0.06 1.56±0.03±0.09 -19.5±1.0 177 / 95
300 – 500 0.9723±0.0007 0.52±0.01±0.05 1.46±0.01±0.13 14.9±0.6 445 / 95
500 –1000 0.9605±0.0006 0.42±0.01±0.03 1.65±0.02±0.18 29.8±0.5 957 / 95
≥ 100 0.9731±0.0002 0.61±0.01±0.11 1.78±0.01±0.18 15.9±0.2 1737/ 95
Table 5.17: The results of exponential QO fit (Eq. 1.71) of the R2(Q) correlation function with
the opposite hemisphere like-sign pairs reference sample for different intervals of the particle
transverse momentum. The first (only) error shows the statistical uncertainty and the second error
shows the systematic uncertainty.
pT [MeV] 103 × C0 λ R [fm] ε [TeV−1] Ra [fm] χ2/ndf
100 – 300 1438±28 2.80±0.28±1.79 11.4±2.9±19.4 -114.4±5.4 28.3±2.2 206 / 94
300 – 500 1494± 6 1.47±0.02±1.34 2.1±0.1± 4.1 -85.5±1.7 36.1±0.5 404 / 94
500 –1000 1497± 5 1.21±0.02±1.41 1.3±0.1± 2.9 -93.6±1.3 48.3±0.4 399 / 94
≥ 100 1348± 9 2.95±0.12±0.86 16.3±1.6±11.8 -66.3±1.6 25.3±0.7 309 / 94
Table 5.18: The results of τ model fit with Ra as a free parameter (Eq. 1.81) of the R2(Q) correla-
tion function with the opposite hemisphere like-sign pairs reference sample for different intervals
of the particle transverse momentum. The parameter α ≡ 0.1071 is fixed to the value obtained
from fitting the whole range. The first (only) error shows the statistical uncertainty and the second
error shows the systematic uncertainty.
general the lowest χ2/ndf (with a small exception in the interval of lowest pT). Among the other
three functions, the χ2/ndf is lowest for the Lévy WF fit, slightly higher for the exponential QO
fit and significantly higher for the exponential WF fit, except for the interval of highest pT, where
it is other way round. Again, let us recall that this highest pT interval is problematic when using
the opposite hemisphere technique (see Sec. 4.2.2 and Fig. 4.17) and one should be careful about
interpretation of fit results in this interval. Indeed, as already mentioned, in the R2 of this interval,
the anticorrelation region is more pronounced than it is in the other two intervals. It is manifested
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Figure 5.7: The R2(Q) function fit parameters R (left) and λ/p (right) from the wave func-
tion exponential (above) and Lévy (middle) parametrizations and the quantum optics exponential
parametrization (below) as functions of track transverse momentum obtained with opposite hemi-
sphere reference samples. The error bars represent both the statistical and the total uncertainties.
also by an intense rise of ε with pT in all fitting functions.
The BEC peak is best described by the Lévy WF and exponential QO fits. In the interval of
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Figure 5.7 continued: The R2(Q) function fit parameters R (left) and λ (right) from the τ model
approach as functions of track transverse momentum obtained with opposite hemisphere reference
samples. The error bars represent both the statistical and the total uncertainties.
highest pT, the description by exponential WF is better. In the rest of the Q range, because of the
anticorrelation region, the R2 function is best described by the τ model fit. The other functions
do not follow the data (except for the interval of lowest pT where no anticorrelation effect is seen)
and perform comparably.
In the lowest pT interval, the R2 function has an interesting behavior. For the large Q values,
it is still decreasing (resulting in a negative fit value of the ε parameter). This slope vanishes at
higher track pT. It seems that its source is kinematics. When requiring both pions to lie in a narrow
interval at small pT, the phase space for large Q values is greatly restricted. It is confirmed by the
fact that there are no pairs above Q ≈ 3.5GeV in this interval.
The fitted values ofR and λ listed in Tables 5.15 – 5.18 are also shown as functions of the track
transverse momentum in Fig. 5.7. One can see that all WF and QO fit results have very similar
behavior. Both λ and p clearly decrease with the track pT. One cannot make any strong conclusion
about the behavior of the radius R. In first two intervals, R shows a tendency to decrease with the
track pT, while the third interval (with problematic fit results) does not match this behavior. The
systematic errors could cover an overall decrease as well as an overall increase. The τ model fit
parameters R and λ both clearly decrease with pT.
5.5 Summary of the multiplicity, kT and pT dependences
R and λ show in general monotonic behavior with multiplicity, kT and pT for all fitting func-
tions (except the R dependence on pT where one cannot make any strong conclusion). The be-
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havior of R for all WF and QO parametrizations is quite similar. Even the behavior of λ and p
with multiplicity is similar in all rises and falls. The τ model fit parameters have a bit different
behavior, which is expected as they have slightly different interpretation.
In general, the best χ2/ndf is provided by the τ model fit (because it is the only function which
allows anticorrelations), while the worst χ2/ndf is provided by exponential WF fit. The Lévy WF
and QO fits give very similar overal χ2/ndf values and they provide the best description of the
BEC peak.
5.6 Comparison of positively and negatively charged like-sign pairs
In Sec. 4.2.1, we have shown that the momentum distributions of positively and negatively
charged tracks differ in both the data and the MC samples (see Fig. 4.13). In this section, a possible
difference in results obtained using only positive and only negative like-sign pairs is studied. For
this purpose, the results of the exponential WF fit (Eq. 1.22) of the R2(Q) correlation function
with the opposite hemisphere like-sign pairs reference sample is used.
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Figure 5.8: The R2(Q) function fit parameters R (left) and λ (right) from the wave function expo-
nential parametrization as functions of multiplicity obtained with opposite hemisphere reference
sample using only positive and only negative like-sign pairs. The error bars represent the statistical
uncertainty.
The results obtained using only positive and only negative like-sign pairs compared with the
sum of all pairs for different multiplicity intervals as well as for the whole multiplicity range
are summarized in Table 5.19 and Fig. 5.8. The results for the kT intervals are summarized in
Table 5.20 and Fig. 5.9.
One can see, that all the fit results for all like-sign pairs are between the results for just positive
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nsel pairs C0 λ R [fm] ε [TeV−1] χ2/ndf
++ 0.9389±0.0037 0.890±0.016 0.96±0.02 1.4±2.8 128 / 95
2–10 + +−− 0.9406±0.0027 0.889±0.013 0.98±0.02 0.5±2.0 177 / 95
−− 0.9419±0.0039 0.889±0.021 1.00±0.02 -0.1±2.9 147 / 95
++ 0.9564±0.0012 0.779±0.013 1.39±0.02 18.4±1.0 259 / 95
11–20 + +−− 0.9577±0.0009 0.789±0.011 1.43±0.02 17.4±0.7 311 / 95
−− 0.9590±0.0013 0.804±0.019 1.48±0.03 16.4±1.1 183 / 95
++ 0.9659±0.0008 0.710±0.014 1.70±0.03 18.7±0.7 317 / 95
21–30 + +−− 0.9669±0.0006 0.735±0.013 1.78±0.02 18.0±0.5 461 / 95
−− 0.9680±0.0009 0.764±0.022 1.85±0.03 17.4±0.7 260 / 95
++ 0.9742±0.0007 0.672±0.015 1.87±0.03 13.3±0.6 299 / 95
31–40 + +−− 0.9750±0.0005 0.718±0.014 1.98±0.02 12.7±0.4 390 / 95
−− 0.9758±0.0007 0.766±0.023 2.08±0.04 12.3±0.6 222 / 95
++ 0.9816±0.0006 0.735±0.020 2.24±0.04 8.5±0.5 293 / 95
41–50 + +−− 0.9808±0.0005 0.729±0.017 2.21±0.03 8.9±0.4 379 / 95
−− 0.9803±0.0007 0.733±0.027 2.21±0.05 9.1±0.6 203 / 95
++ 0.9847±0.0007 0.710±0.025 2.35±0.05 6.4±0.6 206 / 95
51–60 + +−− 0.9840±0.0005 0.708±0.022 2.37±0.04 7.0±0.4 271 / 95
−− 0.9835±0.0008 0.717±0.034 2.40±0.07 7.5±0.6 183 / 95
++ 0.9856±0.0009 0.674±0.033 2.40±0.07 6.3±0.7 139 / 95
61–70 + +−− 0.9855±0.0006 0.734±0.030 2.49±0.06 6.4±0.5 149 / 95
−− 0.9854±0.0009 0.794±0.049 2.59±0.09 6.4±0.8 103 / 95
++ 0.9874±0.0009 0.704±0.042 2.79±0.10 6.2±0.7 136 / 95
≥ 71 + +−− 0.9878±0.0006 0.747±0.039 2.87±0.09 5.9±0.5 204 / 95
−− 0.9882±0.0009 0.791±0.065 2.95±0.13 5.5±0.8 156 / 95
++ 0.9737±0.0003 0.682±0.007 1.97±0.01 15.5±0.2 1314 / 95
≥ 2 + +−− 0.9740±0.0002 0.701±0.006 2.02±0.01 15.3±0.2 1963 / 95
−− 0.9744±0.0003 0.725±0.010 2.08±0.02 14.9±0.3 897 / 95
++ 0.9742±0.0003 0.693±0.007 2.05±0.01 15.7±0.2 1266 / 95
≥ 10 + +−− 0.9745±0.0002 0.714±0.007 2.11±0.01 15.4±0.2 1905 / 95
−− 0.9749±0.0003 0.739±0.011 2.16±0.02 15.1±0.3 878 / 95
Table 5.19: Results of exponential WF fit (Eq. 1.22) of the R2(Q) correlation function with the
opposite hemisphere like-sign pairs reference sample for different multiplicity intervals using only
positive and only negative like-sign pairs compared with their sum. The errors show the statistical
uncertainty.
or negative pairs, except of three values of λ: in multiplicity intervals 41 – 50 and 51 – 60 and
in kT interval 100MeV – 200MeV. As the differences between values are in both cases much
smaller than the statistical errors, one can conclude that 3 values out of 68 (all 4 parameters for all
multiplicity and kT intervals presented in the Tables as well as for the whole range fit) can behave
differently just because of the statistics. It is expected, that the results for combined positively
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kT [MeV] pairs C0 λ R [fm] ε [TeV−1] χ2/ndf
++ 0.9797±0.0008 0.729±0.018 1.88±0.03 -0.7±0.7 247 / 95
100 – 200 + +−− 0.9772±0.0006 0.728±0.015 1.89±0.03 1.0±0.5 313 / 95
−− 0.9752±0.0009 0.737±0.022 1.91±0.04 2.2±0.8 186 / 95
++ 0.9825±0.0007 0.698±0.009 2.01±0.02 2.4±0.6 550 / 95
200 – 300 + +−− 0.9824±0.0005 0.717±0.007 2.04±0.02 2.6±0.4 957 / 95
−− 0.9824±0.0007 0.734±0.010 2.06±0.02 2.7±0.6 506 / 95
++ 0.9857±0.0007 0.626±0.011 2.01±0.03 4.8±0.6 433 / 95
300 – 400 + +−− 0.9868±0.0005 0.639±0.008 2.05±0.02 3.8±0.4 746 / 95
−− 0.9880±0.0007 0.652±0.012 2.09±0.03 2.8±0.6 415 / 95
++ 0.9888±0.0008 0.566±0.014 2.04±0.04 4.8±0.6 317 / 95
400 – 500 + +−− 0.9891±0.0005 0.580±0.010 2.07±0.03 4.7±0.4 478 / 95
−− 0.9892±0.0008 0.593±0.014 2.10±0.04 4.7±0.6 256 / 95
++ 0.9895±0.0008 0.574±0.019 2.19±0.05 5.9±0.7 208 / 95
500 – 600 + +−− 0.9895±0.0006 0.563±0.013 2.17±0.04 6.0±0.5 332 / 95
−− 0.9894±0.0009 0.553±0.019 2.15±0.05 6.2±0.7 213 / 95
++ 0.9847±0.0010 0.553±0.024 2.26±0.07 11.5±0.8 136 / 95
600 – 700 + +−− 0.9856±0.0007 0.549±0.017 2.25±0.05 10.7±0.6 234 / 95
−− 0.9864±0.0011 0.545±0.025 2.25±0.07 9.9±0.9 176 / 95
++ 0.9734±0.0008 0.519±0.025 2.52±0.07 22.8±0.6 345 / 95
700 –1000 + +−− 0.9744±0.0006 0.534±0.018 2.56±0.05 21.8±0.5 542 / 95
−− 0.9753±0.0008 0.549±0.027 2.61±0.08 21.0±0.7 281 / 95
++ 0.9737±0.0003 0.682±0.007 1.97±0.01 15.5±0.2 1314 / 95
≥ 100 + +−− 0.9740±0.0002 0.701±0.006 2.02±0.01 15.3±0.2 1963 / 95
−− 0.9744±0.0003 0.725±0.010 2.08±0.02 14.9±0.3 897 / 95
Table 5.20: Results of exponential WF fit (Eq. 1.22) of the R2(Q) correlation function with the
opposite hemisphere like-sign pairs reference sample for different kT intervals using only posi-
tive and only negative like-sign pairs compared with their sum. The errors show the statistical
uncertainty.
and negatively charged pairs will be around the average of the two separate cases, which is true
in most of the values. Further, one can see, that except for the multiplicity interval 41 – 50 and
kT intervals 500MeV – 600MeV and 600MeV – 700MeV, the R values are always higher for
negatively charged pairs. The λ values are also in general higher for negatively charged pairs
except for the multiplicity intervals 2 – 11 and 41 – 50 and kT intervals 500MeV – 600MeV
and 600MeV – 700MeV. The difference in other parameters for positively and negatively charged
tracks does not show any particular preference.
The last line of Table 5.19 shows the measured BEC parameters for the whole multiplicity
range excluding the events with very low multiplicity. This should exclude diffractive-type events.
One can see, that the parameter values are similar to those obtained for the whole multiplicity
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Figure 5.9: The R2(Q) function fit parameters R (left) and λ (right) from the wave function ex-
ponential parametrization as functions of track pair transverse momentum obtained with opposite
hemisphere reference sample using only positive and only negative like-sign pairs. The error bars
represent the statistical uncertainty.
range, i.e. for all events (the differences are smaller than the differences between neighboring
multiplicity intervals). Also, the exclusion of the diffractive-type events results in a somewhat
larger value of R for positive as well as negative track pairs. As already mentioned in Sec. 5.9.1,
it is expected given the very small value of R in the lowest multiplicity interval, comparing to the
following interval. One can conclude that diffractive-type events have a smaller source radius.
5.7 Systematics
Several sources of systematic uncertainty are considered. Their contribution to the uncertainty
of the parameters of the exponential WF fit to R2 in the full kinematic region with the opposite
hemisphere reference sample is summarized in Table 5.21.
The systematic uncertainties resulting from track reconstruction efficiency are estimated by
varying the track reconstruction efficiency by the values given in Table 5.22. The values were
determined in former studies [64] and are given in bins of track pT and η. The total uncertainty is
the sum in quadrature of the listed components: MC material description, track selection, and (if
given) the pT turn-on systematic.
The contribution of the Monte Carlo generator used in the R2 function is computed as the
r.m.s. spread between the results obtained using different Monte Carlo samples. For this purpose
two Monte Carlo generators, Perugia0 and Phojet, were used in addition to Pythia6.
The contribution of the Coulomb correction to systematics is computed by decreasing its
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Source R λ
Monte Carlo in double ratio 11.96% 6.94%
Upper fit boundary 7.07% 5.80%
Bin size 0.34% 0.82%
Starting value of Q 0.27% 0.49%
Track reconstruction efficiency 0.22% 0.24%
Coulomb correction 0.03% 2.77%
Total 13.91% 9.51%
Table 5.21: Systematic uncertainties on R and λ for the R2 function in the full kinematic region
using the opposite hemisphere reference sample and the exponential fit.
pT
[MeV]
|η| < 1.3 1.3 – 1.9 1.9 – 2.1 2.1 – 2.3 2.3 – 2.5
100 < pT ≤ 150 8⊕ 1⊕ 5 8⊕ 1⊕ 5 10⊕ 1⊕ 5 10⊕ 1⊕ 5 15⊕ 1⊕ 5
150 < pT ≤ 200 4⊕ 1 6⊕ 1 7⊕ 1 9⊕ 1 13⊕ 1
200 < pT ≤ 250 3⊕ 1 5⊕ 1 6⊕ 1 7⊕ 1 12⊕ 1
250 < pT ≤ 300 2⊕ 1 4⊕ 1 6⊕ 1 6⊕ 1 11⊕ 1
300 < pT ≤ 350 2⊕ 1 4⊕ 1 5⊕ 1 6⊕ 1 9⊕ 1
350 < pT ≤ 400 2⊕ 1 4⊕ 1 5⊕ 1 5⊕ 1 8⊕ 1
400 < pT ≤ 450 2⊕ 1 3⊕ 1 4⊕ 1 5⊕ 1 8⊕ 1
450 < pT ≤ 500 2⊕ 1 3⊕ 1 4⊕ 1 4⊕ 1 7⊕ 1
500 < pT 2⊕ 1 3⊕ 1 4⊕ 1 4⊕ 1 7⊕ 1
Table 5.22: Summary of all tracking efficiency systematics. The tracking efficiency systematics
are given in bins of track pT and η. All numbers are in percent and relative to the corresponding
tracking efficiencies. The total uncertainty is the sum in quadrature of the listed components: MC
material description, track selection, and (if given) the pT turn-on systematic [64].
strength (the Gamow penetration factor—Eq. 1.87) by 20% to deal with the fact that the cor-
rection is overestimated.
The upper boundary of the fit was chosen to be 2GeV. However, it could be chosen smaller or
much larger. The influence of this effect has been estimated by varying the boundary by 0.5GeV.
The lower boundary of the fit was chosen to be 20MeV, large enough to avoid badly recon-
structed or split tracks at very low Q values and yet low enough to include as much as possible of
the BEC peak. Its contribution to systematics is estimated by varying the starting Q value of fit by
10MeV.
The contribution of bin size was estimated varying its value of 20MeV by 10MeV.
Finally, the systematic uncertainties are combined by adding them in quadrature. The resulting
values are given in the bottom row of Table 5.21.
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Figure 5.10: Like-sign pairs Q distributions of data and three different MC generators for small
(left) and high multiplicity (right) intervals (top row) and ratios of like-sign pairs Q distributions
of MC generators and data (bottom row). The error bars represent the statistical uncertainties.
One can see, that the leading source of systematic uncertainty comes from the use of the dif-
ferent Monte Carlo generators for theR2 function. It represents 86% (73%) of the total systematic
uncertainty of the value of R (λ). The reason for such a huge uncertainty is well demonstrated in
Fig. 5.10, where like-sign pairs Q distributions of data and the three different MC generators are
compared. The results are presented for two different multiplicity intervals: one of small multi-
plicity (11 ≤ nsel ≤ 20) and the second one of high multiplicity (61 ≤ nsel ≤ 70). For small Q
values, the prevalence in data is expected, as there are no BEC in the MC samples. However, for
high Q values, the Q distributions should correspond to each other. One can see, that the Pythia6
MC generator does not reproduce the data very well. The difference is more profound for high
multiplicity. In fact, Pythia6 is the worst of all MC generators considered. The other generators
tend to reproduce the data better. For this reason, the r.m.s. spread between the results obtained
using these generators demonstrates the difference between Pythia6 and data. The large systematic
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uncertainty coming from MC is a price for using the Pythia6 MC generator for the analysis and
cannot be reduced.
Another large source of systematic uncertainty is the upper fit boundary. The Coulomb cor-
rection contributes significantly to the uncertainty of λ but has almost no impact on R.1 These
three sources of systematics represent together more than 99% of the total systematic uncertainty
of both the R and λ values.
One of the leading source of systematic uncertainties is the upper Q boundary of the fit. For
this reason, the dependence of the fit results on the upper Q boundary is investigated in greater
detail in the following section.
5.8 UpperQ boundary of the fit
In this section we investigate in more detail the influence of the upper Q boundary of the fit
(QU), first for the entire sample and then as function of multiplicity and pair transverse momentum.
For this purpose, we will use the exponential WF and QO fits, the Lévy parametrization of WF and
the τ model fits withRa fixed and as a free parameter as a candidates to describe the anticorrelation
region. An exclusion interval is applied for fit functions not able to describe the anticorrelation
region (WF and QO fits).
5.8.1 Entire sample
The R2(Q) correlation function, using the opposite hemisphere reference sample is shown in
Fig. 5.11 up to 5GeV. The exponential WF fits for different QU values are shown. The results of
the fits are summarized in Table 5.23.
QU [GeV] excl. [GeV] 103 × C0 λ R [fm] ε [TeV−1] χ2/ndf
2 - 974.0±0.2 0.70±0.01 2.02±0.01 15.3±0.2 1963 / 95
3 - 984.1±0.1 0.78±0.01 2.28±0.01 5.8±0.1 6901 / 145
4 0.5 – 3 988.1±0.4 0.77±0.01 2.30±0.02 -0.1±0.1 351 / 70
5 0.5 – 4 987.9±0.4 0.76±0.01 2.29±0.02 -0.7±0.1 284 / 70
Table 5.23: The results of exponential WF fit (Eq. 1.22) of the R2(Q) correlation function with
the opposite hemisphere like-sign pairs reference sample for different upper Q boundaries of the
fit. The errors show the statistical uncertainties. Exclusion intervals are indicated.
One can see, that for QU = 3 − 5Gev the agreement of the fitting function with the BEC
peak is better and R and λ results are more or less the same. The R and λ values at high QU are
1This behavior is expected since the Coulomb correction does not change the source radius R but affects greatly the
measured strength of the BEC.
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Figure 5.11: TheR2(Q) correlation function using the opposite hemisphere reference sample with
the WF exponential fits (Eq. 1.22) for different upperQ boundaries (a) and details of the BEC peak
(b) and bottom part (c). The error bars represent the statistical uncertainties. The fitted curves are
indicated by dashed lines in the excluded regions and by full lines elsewhere.
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Figure 5.12: TheR2(Q) correlation function using the opposite hemisphere reference sample with
the Lévy fits (Eq. 1.23) for different upper Q boundaries (a) and details of the BEC peak (b) and
bottom part (c). The error bars represent the statistical uncertainties. The fitted curves are indicated
by dashed lines in the excluded regions and by full lines elsewhere.
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saturated. Further, one can see, that the BEC peak is followed by an upward slope after which the
R2 function is slightly decreasing. The fit up to 2GeV ends roughly at the end of the valley. For
this reason, the valley is described by the linear increase represented by a relatively high value of
the ε parameter. Fits up to higher Q values end at lower values, thus the ε parameter is decreasing
with QU.
The R2(Q) correlation function, using the opposite hemisphere reference sample up to 5GeV
fitted by the Lévy parametrization is shown for different QU values up to 5GeV in Fig. 5.12. The
results of the fits are summarized in Table 5.24.
QU excl. α 103 × C0 λ R ε χ2/ndf
[GeV] [GeV] [fm] [TeV−1]
2 - 0.81±0.01 972.5±0.3 1.02±0.03 2.96±0.09 16.3±0.2 1755 / 94
3 - 0.99±0.01 984.0±0.1 0.79±0.02 2.31±0.05 5.8±0.1 6901 / 144
4 0.5 – 3 0.75±0.02 982.4±0.7 1.19±0.06 3.70±0.20 1.5±0.2 219 / 69
5 0.5 – 4 0.69±0.02 980.1±0.9 1.37±0.08 4.39±0.32 1.0±0.2 101 / 69
Table 5.24: The results of Lévy WF fit (Eq. 1.23) of the R2(Q) correlation function with the
opposite hemisphere like-sign pairs reference sample for different upper Q boundaries of the fit.
The errors show the statistical uncertainties. Exclusion intervals are indicated.
One can see, that higher QU lead to better description of the BEC peak. For the reasons
described above, ε decreases with QU again. Both R and λ increase, while α decreases with QU.
The fit for QU = 3GeV does not match this behavior. The reason is probably that the results
are affected by the anticorrelation region which cannot be excluded from fit in this case. For
QU = 5GeV, the χ2/ndf is satisfactory which means the fit with high QU and anticorrelation
region excluded solves the problem of high χ2/ndf .
The R2(Q) correlation function, using the opposite hemisphere reference sample fitted by the
exponential QO parametrization for different QU values is shown up to 5GeV in Fig. 5.13. The
results of the fits are summarized in Table 5.25.
QU [GeV] excl. [GeV] 103 × C0 p R [fm] ε [TeV−1] χ2/ndf
2 - 973.1±0.2 0.61±0.01 1.78±0.01 15.88±0.17 1737 / 95
3 - 983.3±0.1 0.65±0.01 1.90±0.01 6.15±0.09 7079 / 145
4 0.5 – 3 984.8±0.4 0.68±0.02 1.86±0.01 0.83±0.12 229 / 70
5 0.5 – 4 984.8±0.3 0.67±0.02 1.86±0.01 -0.03±0.10 138 / 70
Table 5.25: The results of exponential QO fit (Eq. 1.71) of the R2(Q) correlation function with
the opposite hemisphere like-sign pairs reference sample for different upper Q boundaries of the
fit. The errors show the statistical uncertainties. Exclusion intervals are indicated.
One can see, that the agreement of the exponential QO fitting function with the BEC peak
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Figure 5.13: TheR2(Q) correlation function using the opposite hemisphere reference sample with
the QO exponential fits (Eq. 1.71) for different upperQ boundaries (a) and details of the BEC peak
(b) and bottom part (c). The error bars represent the statistical uncertainties. The fitted curves are
indicated by dashed lines in the excluded regions and by full lines elsewhere.
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improves when moving from QU = 2GeV up to QU = 4GeV, while it remains the same for
higher QU. The values of R and p are more or less the same for QU = 4GeV and QU = 5GeV.
One can expect a saturation ofR and p values at highQU. For the same reasons as in the WF case,
ε decreases with QU again.
The τ model fit function, which contains a cosine term, is expected to cope better with the
anticorrelation region. Therefore, no exclusion intervals are applied in its fits. The R2(Q) cor-
relation function, using the opposite hemisphere reference sample up to 5GeV fitted by the τ
model parametrization for different QU values is shown in Fig. 5.14. The results of the fits are
summarized in Table 5.26.
QU [GeV] α 103 × C0 λ R [fm] ε [TeV−1] χ2/ndf
2 0.292±0.003 987.2±0.3 1.20±0.02 3.45±0.12 7.4±0.2 965 / 94
3 0.338±0.002 995.5±0.1 0.85±0.02 2.28±0.05 0.2±0.1 2684 / 144
4 0.350±0.002 997.9±0.1 0.79±0.02 2.09±0.04 -1.8±0.1 3693 / 194
5 0.353±0.002 998.7±0.1 0.78±0.02 2.05±0.04 -2.4±0.1 3988 / 244
Table 5.26: The results of Tau fit (Eq. 1.80) of the R2(Q) correlation function with the opposite
hemisphere like-sign pairs reference sample for different upper Q boundaries of the fit. The errors
show the statistical uncertainties.
One can see, that the smaller the QU, the better the agreement of the fitting function with the
BEC peak. The description of the anticorrelation region is much better than in the cases of WF
and QO functions but still not satisfactory. The dependence of all the fit parameters on QU is
monotonic and their saturation can be expected. The parameters R, λ and ε all decrease, while α
and C0 increase with QU. However, the impact on the ε values is small, as all the values are close
to zero.
The R2(Q) correlation function, using the opposite hemisphere reference sample up to 5GeV
fitted by the τ model parametrization withRa as a free parameter for differentQU values is shown
in Fig. 5.15. The results of the fits are summarized in Table 5.27.
QU [GeV] 103 × α 104 × C0 λ R [fm] ε [TeV−1] Ra [fm] χ2/ndf
2 108±1 13322±98 3.08±0.05 17.8±0.7 -64.1±0.9 43.38±1.16 311 / 93
3 186±5 10558±43 1.91±0.10 6.7±0.5 -20.5±1.1 3.02±0.18 591 / 143
4 235±3 10207± 9 1.36±0.05 4.1±0.2 -9.6±0.3 1.80±0.04 914 / 193
5 261±3 10122± 4 1.15±0.03 3.3±0.1 -6.7±0.1 1.52±0.02 1281 / 243
Table 5.27: The results of Tau fit with Ra as a free parameter (Eq. 1.81) of the R2(Q) correla-
tion function with the opposite hemisphere like-sign pairs reference sample for different upper Q
boundaries of the fit. The errors show the statistical uncertainties.
A further improvement in description of the anticorrelation region is observed. The fit func-
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Figure 5.14: TheR2(Q) correlation function using the opposite hemisphere reference sample with
the τ model fits (Eq. 1.80) for different upper Q boundaries (a) and details of the BEC peak (b)
and bottom part (c). The error bars represent the statistical uncertainties.
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Figure 5.15: TheR2(Q) correlation function using the opposite hemisphere reference sample with
the τ model fits with Ra as free parameter (Eq. 1.81) for different upper Q boundaries (a) and de-
tails of the BEC peak (b) and bottom part (c). The error bars represent the statistical uncertainties.
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tions follow the data. Values of χ2/ndf have improved by factor of 3 – 4.5 compared to the τ
model fit with Ra fixed, but they are still not as good as in the cases, when the anticorrelation
region is excluded from the fit (Lévy WF fit). Nevertheless, the description of the BEC peak is
similar for these two cases (cf. Figs. 5.12b and 5.15b). The dependence of all the fit parameters
on QU is monotonic. The parameters R, λ, Ra and C0 all decrease, while α and ε increase with
QU.
In the following sections, the dependence of the fit results on QU will be studied for different
multiplicity and pair transverse momentum intervals. For this purpose, the exponential WF fit
results will be used together with the Lévy WF fit results for comparison.
5.8.2 Multiplicity dependence
The dependence of R and λ obtained from the exponential WF fit on track multiplicity is
shown in Fig. 5.16 for different values of QU. The R values increase with increasing QU for
lower multiplicity intervals. For QU = 3GeV, values of R increase with multiplicity more steeply
than for other QU. For low multiplicity intervals, the R values for QU = 3GeV are lower than
those for other QU while they are higher for high multiplicity intervals. Although the values of λ
change quite significantly with QU, the dependences of λ on nch are much the same. All R and λ
values are very similar for QU = 4GeV and QU = 5GeV.
The same dependences of R and λ parameters are shown in Fig. 5.17 for the Lévy WF fit. The
α parameter was obtained from fits for all multiplicities at each QU (see Table 5.24) and then kept
fixed for the multiplicity dependence studies. The values of both R and λ increase with increasing
QU (which is obviously related to the decrease of the α parameter), except for QU = 3GeV. The
reason is probably that the results forQU = 3GeV are affected by the anticorrelation region which
cannot be excluded from fit in this case.
5.8.3 Pair transverse momentum dependence
The dependence of R and λ, obtained from the exponential WF fit, on the pair transverse
momentum is shown in Fig. 5.18 for different QU. Both R and λ increase with increasing QU
for all kT intervals. Their dependence on kT is similar for all QU. Similarly to the case of the
multiplicity dependence, for QU = 3GeV R increases with kT more steeply than for the other
QU. Above kT ≈ 500 MeV the value of λ is increasing for QU = 3 GeV rather than continuing
to decrease as for the other QU. All R and λ values are very similar for QU = 4GeV and
QU = 5GeV.
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Figure 5.16: R (left) and λ (right) obtained by fitting the exponential WF parametrization toR2(Q)
with the opposite hemisphere reference sample, as functions of track multiplicity for different
upper Q boundaries of the fit. The error bars represent the statistical uncertainties.
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Figure 5.17: R (left) and λ (right) obtained by fitting the Lévy WF parametrization to R2(Q) with
the opposite hemisphere reference sample, as functions of track multiplicity for different upper Q
boundaries of the fit. The α parameter is fixed for each QU to the value obtained from fitting the
whole multiplicity range. The error bars represent the statistical uncertainties.
The same dependences of R and λ parameters for the Lévy fit are shown in Fig. 5.19. The α
parameters were again obtained from whole range fits for at each QU and then fixed for the pair
transverse momentum dependence studies. R increases, while λ decreases with kT for all QU
values. The values of both R and λ increase with increasing QU (which is obviously related to the
decrease of the α parameter), except for QU = 3GeV. Similarly to the case of multiplicity depen-
dence, the reason is probably that the results for QU = 3GeV are affected by the anticorrelation
region which cannot be excluded from the fit in this case.
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Figure 5.18: R (left) and λ (right) obtained by fitting the exponential WF parametrization to
R2(Q) with the opposite hemisphere reference sample, as functions of pair transverse momentum
for different upper Q boundaries of the fit. The error bars represent the statistical uncertainties.
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Figure 5.19: R (left) and λ (right) obtained by fitting the Lévy WF parametrization to R2(Q) with
the opposite hemisphere reference sample, as functions of pair transverse momentum for different
upper Q boundaries of the fit. The α parameter is fixed for each QU to the value obtained from
fitting the whole range. The error bars represent the statistical uncertainties.
5.9 Comparison to other reference samples
In this section, the results of the fit with different reference samples are compared. The fitting
parameters R and λ of the exponential WF fitting function (Eq. 1.22) are calculated first for entire
sample, then for different intervals of multiplicity, transverse momentum of a particle pair and
particle transverse momentum.
To decrease the impact of resonances, the region of their biggest influence is excluded from the
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fit, when using the unlike-sign pairs reference sample. The exclusion interval is 500 – 900MeV
(see Fig. 4.2 and Sec. 4.1).
The results of the exponential WF fit to R2(Q) for four different reference samples are sum-
marized in Table 5.28. One can see, that the rotated track technique gives the most different results
for R and λ. The opposite hemisphere and event mixing techniques give the most similar results
for λ, while the opposite hemisphere and unlike-sign pairs give the most similar results for R.
ref. sample C0 λ R [fm] ε [GeV−1] χ2/ndf
ULS 0.9961±0.0003 0.718±0.006 2.07±0.01 -0.0083±0.0002 923 / 75
ROT 0.9687±0.0002 0.838±0.007 2.36±0.01 0.0242±0.0002 2326 / 95
MIX 0.9687±0.0002 0.707±0.006 2.16±0.01 0.0226±0.0002 3898 / 95
OHP 0.9740±0.0002 0.701±0.006 2.02±0.01 0.0153±0.0002 1963 / 95
Table 5.28: The results of exponential WF parametrization fit (Eq. 1.22) to R2(Q) for four differ-
ent reference samples. The errors show the statistical uncertainties.
5.9.1 Multiplicity dependence
The values of R and λ from fits of the exponential WF parametrization to R2(Q) are shown
as functions of track multiplicity in Fig. 5.20.
 >ch< n
0 20 40 60 80 100
R
 [fm
]
1
1.5
2
2.5
3  20 MeV≥ 100 MeV, Q ≥ Tp
2ULS R
2ROT R
2OHP R
2MIX R
 >ch< n
0 20 40 60 80 100
λ
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
 20 MeV≥ 100 MeV, Q ≥ 
T
p
2ULS R
2ROT R
2OHP R
2MIX R
Figure 5.20: R (left) and λ (right) obtained from fits of the exponential wave function parametriza-
tion toR2(Q) as functions of track multiplicity for four different reference samples. The error bars
represent the statistical uncertainties.
One can see that R increases while λ decreases with multiplicity for all reference samples.
The behavior of the unlike-sign pairs reference sample differs much from the remaining three
reference samples. When comparing these three reference samples, one can see, that the opposite
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hemisphere and event mixing techniques give comparable results, while the rotated track technique
gives in general higher results of both R and λ.
5.9.2 Pair transverse momentum dependence
The values of R and λ as functions of pair transverse momentum for the various reference
samples are presented in Fig. 5.21.
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Figure 5.21: R (left) and λ (right) obtained from fits of the exponential wave function parametriza-
tion to R2(Q) as functions of kT for four different reference samples. The error bars represent the
statistical uncertainties.
One can see, that the behavior of the unlike-sign pairs reference sample differs from the re-
maining three reference samples even more than in the case of multiplicity intervals. In the case of
R, the dependence on kT for the unlike-sign pairs reference sample is even opposite to that of the
other three reference samples. However, the remaining three reference samples give not only the
same dependence, but also very close parameter values in most of the pair transverse momentum
intervals.
5.9.3 Hadron transverse momentum dependence
In this section we study the dependence of the BEC effect on the particle transverse momen-
tum, pT. Pairs of particles are selected requiring both particles to have pT in the same interval.
The values of R and λ, as functions of hadron transverse momentum for the various reference
samples are presented in Fig. 5.22.
One can see, that the opposite hemisphere and event mixing techniques give in general com-
parable results. In the interval of highest pT, all the reference samples except for the unlike-sign
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Figure 5.22: R (left) and λ (right) obtained from fits of the exponential wave function parametriza-
tion to R2(Q) as functions of pT for four different reference samples. The vertical error bars
represent the statistical uncertainties and the horizontal error bars indicate pT intervals.
pairs give very similar results for both R and λ. The dependence of both R and λ on pT is similar
for all reference samples.
5.9.4 Summary of the comparison to other reference samples
The behavior of the unlike-sign pairs reference sample differs most from the other reference
samples for all of the investigated cases. This may be attributed to the influence of resonance
decay products on the reference sample and to the exclusion of 20% of the Q range from the fit.
The other three reference samples give similar dependences of R and λ on multiplicity, pair
transverse momentum and hadron transverse momentum intervals. The values for the rotated track
reference sample are in general different from the opposite hemisphere and mixed events reference
samples. This difference is probably caused by effects described in Sec. 4.2.1. TheR and λ values
for the opposite hemisphere and mixed events reference samples are in most cases very similar.
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Conclusions
A detailed study of the Bose-Einstein correlations of like-sign charged particles produced in
7TeV proton-proton collisions at the LHC and measured by the ATLAS detector in 2010 has been
performed. Four reference samples have been tested. The sample of unlike-sign pairs is found to
be greatly influenced by the decay products of resonances. The region of influence overlaps the
BEC region, hence it cannot be completely excluded from the fit. The rotated track technique does
not completely destroy correlations. Mixed events and opposite hemisphere techniques destroy
correlations sufficiently, but they change the Q distribution resulting in a prevalence of high Q
values. The correction by MC—use of R2 instead of C2—solves this problem. Both techniques
have been found to work without any limitations for kT up to 700MeV and pT up to 500MeV
and with some limitations for kT and pT up to 1000MeV. Of these two techniques, the opposite
hemisphere has arbitrarily been chosen to provide the reference sample for the presented studies.
Several parametrizations have been used to fit the R2 function with a reference sample created
by the opposite hemisphere technique. However, none of them provides a good fit of the data. This
disagreement is largely caused by the anticorrelation region, which the fit functions cannot follow.
The only function which allows anticorrelations is the τ model fit. The anticorrelation region is
also seen by the CMS experiment in 0.9 as well as 7TeV data [65].
The Gaussian parametrizations of WF as well as QO are by far the worst in description of
the BEC peak. Further, the Lévy fitting parameter value α = 0.81 is smaller than 1, thus the
exponential fit is by all means preferred to the Gaussian one in WF. The τ model fits improve the
agreement of the function and data in the anticorrelation and tail regions, but do not improve the
description of the BEC peak.
The exponential WF fit of the R2 correlation function in the range 0.02 – 2GeV with the
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opposite hemisphere like-sign pairs reference sample gives the following results:
R = 2.02± 0.01 (stat.)± 0.28 (syst.) fm
λ = 0.701± 0.006 (stat.)± 0.067 (syst.)
These values are within systematic error in agreement with the values obtained for the same Q
range by the CMS experiment using 7TeV data and a mixed-event reference sample [65]:
RCMS = 1.89± 0.02 (stat.)± 0.19 (syst.) fm
λCMS = 0.618± 0.009 (stat.)± 0.039 (syst.)
The ALICE experiment has studied the dependence of R on nch and kT at 7TeV using a
mixed-event reference sample and Gaussian WF parametrization fit. It is expected that the result
for the entire sample should be around the average of the results in intervals. Therefore, it makes
sense to compare our result of the entire sample Gaussian WF fit with those obtained by ALICE
for nch × kT intervals. Our result is compatible within systematic error with results in 30 out of
48 nch × kT intervals used by the ALICE [66].
The fitted values of R and λ/p of the exponential WF and QO parametrizations, the Lévy
parametrization of WF and the τ model fit with Ra as a free parameter have also been studied
as functions of the multiplicity, pair transverse momentum and hadron transverse momentum. It
has been found that the radius R increases with the event multiplicity. The behavior of R for all
WF and QO parametrizations is quite similar. Even the behavior of λ and p with multiplicity is
similar in all rises and falls. Both λ and p clearly decrease with multiplicity for the low multiplicity
intervals. They are consistent with being constant at high multiplicity, although the errors are too
large to determine the exact behavior. The τ model fit parameters have a bit different behavior,
which is expected as they have slightly different interpretation. BothR and λ clearly increase with
multiplicity.
The monotonic behavior ofR and λ with multiplicity was also confirmed using all of the other
reference samples. It is in agreement with the results obtained by the CMS experiment [65], which
has found that R increases and λ decreases with multiplicity, except for the interval of small kT,
where for the high multiplicity λ does not decrease (see Table A.2). The same was found with ear-
lier experiments using e+e− collisions, by the OPAL experiment, which studied the multiplicity
dependence up to nch = 40 [67]. The increase of R with multiplicity in e+e− collisions is associ-
ated with an increase in the number of jets [68]. The E735 experiment studied the dependence of
R and λ on the multiplicity at 1.8TeV pp¯ data. It found, that values of the parameter R increase,
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while λ values decrease with multiplicity [69]. The ALICE experiment, in pp collisions, also finds
that R increases with multiplicity for all kT intervals (there are a few exceptions within errors)
using 7TeV data with a mixed-event reference sample and a Gaussian WF parametrization fit [66].
The monotonic behavior of the fitting parameters with multiplicity has been predicted earlier and
is an important ingredient of different models of multiparticle production [70–73].
Further, it has been found that the depth of the anticorrelation region is decreasing with mul-
tiplicity. The same behavior was found by the CMS experiment consistently for the two center of
mass energies: 0.9 and 7TeV [65].
The R clearly increases and λ/p clearly decrease with kT for all WF and QO parametrizations
and their behavior is again similar. Both R and λ τ model fit parameters clearly increase with kT.
λ/p clearly decrease with pT for all WF and QO parametrizations, while one cannot make any
strong conclusion about the behavior of the radiusRwith pT. BothR and λ τ model fit parameters
clearly decrease with pT.
Because of the fact that the colliding particles are both positively charged, the momentum dis-
tributions of positively and negatively charged tracks differ in both the data and the MC samples.
In general, the fit results for all like-sign pairs lie between the results for just positive or negative
pairs, as expected. The R values are higher for negatively charged pairs.
The leading source of systematic uncertainty is the use of the different Monte Carlo generators
for the R2 function. The reason for that is that the Pythia6 MC generator does not reproduce the
data very well. This systematic error could be reduced in future measurements by constraining
different MC generators or their parameter settings from data.
Another large source of systematic uncertainty is the upper Q boundary of the fit. The higher
the upper Q boundary, the better the agreement of the WF exponential fit function with the BEC
peak. In the case of the QO exponential fit, the description of the BEC peak improves when
moving from QU = 2GeV up to QU = 4GeV, while it remains the same for higher QU. For the
Lévy WF fit, there is no clear change in description of the BEC peak by moving to higher QU. For
the τ model fit, the lower the upper Q boundary, the better the agreement with the BEC peak. The
τ model with Ra as a free parameter is the only fit function which really follows the data, because
it is able to describe the anticorrelation region. However, the χ2/ndf is lower in the cases, when
the anticorrelation region is excluded from fit (Lévy WF and QO exponential fits up to 5GeV). The
description of the BEC peak is similar for τ model and Lévy WF fits. In future measurements,
better fits could be obtained by adding an anticorrelation term to the WF and QO fit functions or
by excluding the anticorrelation region systematically.
The behavior of the unlike-sign pairs reference sample differs very much from the other ref-
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erence samples. Among the other reference samples, the values for the rotated track reference
sample differ in general from the opposite hemisphere and mixed events reference samples. The
latter two are in most cases similar.
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Appendix A: Overview of the other
experiments results
The values of R and λ measured by some of the other experiments are summarized in Ta-
ble A.1.
The ALEPH collaboration studied BEC in pairs of charged pions from hadronic Z decays,
collected in 1994 at the LEP e+e− collider at CERN. Both unlike-charge pairs and mixed events
reference samples were used. The event mixing technique was performed in a way that first all
events were rotated to a coordinate system which has the z-axis along the thrust axis1. A buffer
of M events was created and each track from a current event was paired with a randomly chosen
track from each event in the buffer. The buffer size, M = 17, was chosen according to the average
charged track multiplicity of the data sample. For each new current event the buffer was updated.
No particle identification was used. According to simulations 76% of the selected track pairs were
pion pairs [74].
The ALEPH collaboration measured the BEC also in K0SK
0
S pairs from hadronic Z decays.
Simulated events were used to supply the reference sample [75].
The DELPHI collaboration studied like-sign charged kaon correlations in hadronic decays of
the Z boson. The data were collected in 1994 at LEP. The charged kaons were identified by means
of Ring Image Cherenkov detectors (RICH). A charged particle was identified by measuring the
angle of emission of its Cherenkov light, thereby determining its velocity and momentum. The
unlike-charge pairs were used as a reference sample. The correlations in K0SK
0
S pairs were also
studied. The K0S were detected by their decay in flight into pi
±pi±. In this analysis, simulated
events were used to supply the reference sample [76].
The DELPHI collaboration also measured BEC in data from 1992, using pi±pi± pairs and a
mixed events reference sample. Using simulations, it was shown that pi±pi± produced from decays
of long-lived particles give a lower value of λ compared to direct pions [77].
1The thrust the axis is axis which gives highest sum of projections of track momenta in event.
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experi-
√
s [GeV] function
pairs R [fm] λ
ment colliding p. refer. sam.
Aleph
91.2, e+e−
1.21 MIX all 0.528± 0.005 0.362± 0.006
[74] 1.21 ULS all 0.777± 0.007 0.438± 0.006
[75] 1.21 SIM K0SK
0
S 0.71± 0.07± 0.15 1.4± 0.3± 0.4
Delphi
91.2, e+e−
1.21 ULS K±K± 0.48± 0.04± 0.07 0.82± 0.11± 0.25
[76] 1.21 SIM K0SK
0
S 0.55± 0.08± 0.12 0.61± 0.16± 0.16
[77] 1.21 MIX pi±pi± 0.49± 0.01± 0.05 1.06± 0.05± 0.16
Opal[78] 91.2, e+e− 1.21 MIX pi0pi0 0.59± 0.08± 0.05 0.55± 0.10± 0.10
[79] 91.3 e+e− 1.21 ULS pi±pi± 0.93± 0.02± 0.15 0.87± 0.03± 0.14
L3[80]
91.2, e+e−
1.21 MIX pi±pi± 0.65± 0.03± 0.03 0.45± 0.06± 0.03
[81] 1.21 SIM pi0pi0 0.31± 0.07± 0.07 0.16± 0.05± 0.07
[81] 1.21 SIM pi±pi± 0.46± 0.01± 0.01 0.29± 0.01± 0.03
Zeus 27.6×820a 1.21 ULS all 0.666± 0.009+0.022−0.036 0.475± 0.007+0.011−0.003
[82] ep 1.22 ULS all 0.928± 0.023+0.005−0.094 0.913± 0.015+0.099−0.005
UA1[83]
630, pp¯
1.70 MIX all 0.742± 0.009 0.168± 0.004
1.71 MIX all 1.264± 0.017 0.410± 0.015
900, pp¯
1.70 MIX all 0.814± 0.016 0.186± 0.006
1.71 MIX all 1.374± 0.018 0.531± 0.038
E735[69] 1800, pp¯ 1.21 MIX pi±pi± 1.02± 0.05 0.27± 0.02
1960, pp¯
1.21 MIX all 0.51± 0.00± 0.01 0.28± 0.00± 0.00
1.22 MIX all 0.89± 0.01± 0.01 0.52± 0.01± 0.00
CDF 1.70 MIX all 0.50± 0.00± 0.02 0.15± 0.00± 0.02
[86] 1.71 MIX all 0.83± 0.01± 0.02 0.33± 0.01± 0.02
1.22 MIX pi±pi± 1.67± 0.05 0.889± 0.034
1.21 ULS pi±pi± 1.79± 0.08 0.502± 0.036
ALICE
900, pp
1.22 MIX pi±pi± 1.63± 0.18+0.16−0.25 0.55± 0.07
[84]b 1.21 MIX pi±pi± 0.99± 0.09+0.10−0.14 0.30± 0.04
CMS[85]
900, pp
1.22 ALL all 1.59± 0.05± 0.19 0.63± 0.02± 0.05
[65] 1.22 MIX all 1.56± 0.02± 0.12 0.62± 0.01± 0.03
[85] 2360, pp 1.22 ALL all 1.99± 0.18± 0.24 0.66± 0.07± 0.05
[65] 7000, pp 1.22 MIX all 1.89± 0.02± 0.19 0.62± 0.01± 0.04
Table A.1: The result ofR and λmeasurements by other experiments. These results were obtained
by fits to the Gaussian (Eq. 1.21) and the Lorentzian (Eq. 1.22) parametrizations of the wave
function approach and to the Gaussian (Eq. 1.70) and the Lorentzian (Eq. 1.71) parametrizations of
the quantum optical approach. As a reference sample were used unlike-charge pairs (ULS), mixed
events (MIX), simulated sample (SIM) as well as a combination of several reference samples
(ALL). The option ’all’ in description of pairs used means all like-signed charged particle pairs.
The first (only) error shows the statistical uncertainty and the second error shows the systematic
uncertainty.
avirtuality of the exchanged photons ranged 0.1 < Q2 < 8000GeV2
bThe results are for a restricted kT interval with 〈kT〉 = 0.47GeV. The results for other kT intervals are not listed
here and differ by 8% in R and 27% in λ values [84].
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The OPAL collaboration observed BEC in pi0 pairs using back-to-back two jet hadronic events
from Z decays in the data sample collected at LEP from 1991 to 1995. For the selected event sam-
ple, neutral pions were reconstructed from photon pairs. Photon reconstruction was performed in
the barrel part of the electromagnetic calorimeter where both the photon reconstruction efficiency
and the energy resolution were good. Mixed events were used as a reference sample [78].
The OPAL collaboration also measured BEC in pi±pi± from Z decays in data collected in 1990
at center of mass energies between 88 and 94GeV. The mean center of mass energy was 91.3GeV.
Unlike-sign pairs were used as a reference sample [79].
The L3 collaboration measured BEC between like-sign charged pion pairs in hadronic Z de-
cays in data collected in 1994 at LEP. The reference sample was formed by event mixing in the
following way: first, 1000 events were rotated to a system with the z-axis along the thrust axis
and were stored in a ‘pool’. Then, tracks of each new event outside the pool were exchanged
with tracks of the same charge from events in the pool having about the same multiplicity (within
about 20%), under the condition that all tracks originate from different events. Thus, after this
procedure the new event consisted of tracks originating from different events in the pool, and its
original tracks have entered the pool. This updating process was used to prevent any regularities
in the reference sample [80].
Another study by L3 was carried out using data from 1993 – 1994 at a center of mass energy
around 91.2GeV. The reference sample was calculated from a MC sample at generator level. Re-
sults for pi±pi± and pi0pi0 were compared making kinematic cuts on the charged pions comparable
to those used for the pi0. Because of these cuts as well as the different reference sample, these
results for pi±pi± are not directly comparable to the previous L3 results [81].
The ZEUS collaboration measured BEC in deep inelastic ep scattering events at the HERA
collider at DESY. The lepton beam energy was 27.6GeV and the proton beam energy was 820GeV
(in 1996 – 1997) and 920GeV (in 1998 – 2000). These were data for virtuality2 of the exchanged
photonQ2 > 4GeV2. There was also a special sample of low-Q2 events taken with the beam-pipe
calorimeter (BPC), which was installed 294 cm from the interaction point in order to enhance
the acceptance of the ZEUS detector for low-Q2 events. Within the statistical and systematic
uncertainties, the results indicated no variation of the BEC parameters λ and R with the virtuality
of the exchanged photon in the range 0.1 < Q2 < 8000GeV2. Unlike-sign charged pairs were
used as a reference sample [82].
The UA1 minimum bias collaboration used data at center of mass energies of 630 and 900GeV
collected in 1985 at the SPS pp¯ collider at CERN. As a reference sample, mixed events were used,
2The virtuality is defined as the square of the virtual photon four momentum. Let us stress here that unlike in the
rest of this thesis, in here Q does not denote the four-momentum difference but the virtuality.
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where each track was taken from a different event. The UA1 detector did not have the possibility
of particle identification. About 85% of all tracks were pi± mesons [83].
The E735 experiment collected data at center of mass energy of 1.8TeV at the Fermilab pp¯
collider. Two Time of Flight (TOF) scintillator planes provided simple mass discrimination for all
particles with momenta up to 1.5GeV. Mass discrimination was possible with reduced accuracy for
some particles with momenta as high as 3.0GeV. Tracks without any successful mass identification
(fewer than 20% of all tracks), such as those which the magnetic field bent beyond the TOF1 plane,
were arbitrarily assigned a pion mass. The values presented in Table A.1 were obtained for events
with the number of charged tracks in the interval 0–80. Further, it was shown, that value of the
parameter R increases with multiplicity, while λ values decrease [69].
The CDF collaboration at the Tevatron pp¯ collider measured BEC in 1.96TeV data collected
in the Phase II runs. They used both event mixing and unlike-sign reference samples. The Time
of Flight (TOF) detector was used to distinguish between pi and K mesons [86].
The ALICE collaboration measured BEC at 900GeV as well as 7TeV using an event mixing
reference sample and particle identification based on the Time Projection Chambers (TPC) to
select pi±pi± pairs. The Time of Flight (TOF) was not used. It resulted in a small contamination
of the pion sample by electrons at pT < 0.2GeV and kaons at pT > 0.65GeV. The amount of
electron contamination was less than 5%. In the analysis of 900GeV data collected in december
2009, the multiplicity and kT dependence was studied. The R parameter was found to increase
with multiplicity, while it is practically constant with kT [84]. In 2010 a new dataset of 900GeV
was recorded. Higher statistics allowed more multiplicity ranges. The kT dependence of the R
parameter was studied for different multiplicity intervals. It was found, that for small multiplicity,
the radius does not fall with kT, while the decrease of R with kT is rising with multiplicity. The
same result was found for the 7TeV data. Further, it was found, that R increases with multiplicity
for any kT interval [66].
The CMS collaboration has studied BEC at three different energies. In 2009, the 900GeV and
2.36TeV data were collected. The studies were performed for unlike-sign pairs, opposite hemi-
sphere of like-sign pairs, opposite hemisphere of unlike-sign pairs, rotated track of like-sign pairs
and three methods of event mixing (random, mixing of events with similar charged particle mul-
tiplicity and mixing of events with an invariant mass of all charged particles similar to that of the
signal). The results presented in Table A.1 were obtained combining all these reference samples
by summation of all 7 corresponding Q distributions. For the multiplicity dependence studies at
900GeV, the combined reference sample is used again but this time only with one of the event
mixing techniques, which combines charged particles from events in the same multiplicity range.
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The R parameter was found to increase with multiplicity, while λ decreased, except for the high-
est multiplicity interval (the multiplicity dependence was studied up to 79 charged particles) [85].
In 2010, a new dataset of 900GeV and 7TeV was collected. The 900GeV sample had statistics
increased by a factor of 15 compared to the one from 2009. In this analysis, the mixed events
reference sample created pairing like-sign charged particles from different events that have similar
charged-particle multiplicities in the same pseudorapidity regions was used. It was checked, that
results obtained with the reference sample combining seven samples mentioned above are com-
patible within errors with those obtained using this mixed events sample (see Table A.1). The
7TeV results of fits using the Lorentzian parametrization of the wave function approach (Eq. 1.22)
to the R2(Q) function with the mixed events reference sample for three intervals in kT and three
intervals in charged-particle multiplicity in the event are shown in Table A.2. One can see, that for
each multiplicity interval, both R and λ decrease with kT. Further, R increases and λ decreases
with multiplicity, except for the interval of small kT, where for the high multiplicity λ does not
decrease [65].
kT [MeV] nch R [fm] λ
100 – 300 2 – 9 1.444±0.062 1.025±0.057
100 – 300 10 – 24 1.856±0.065 0.865±0.041
100 – 300 25 – 80 2.544±0.076 0.899±0.039
300 – 500 2 – 9 1.187±0.066 0.807±0.039
300 – 500 10 – 24 1.606±0.050 0.639±0.023
300 – 500 25 – 80 2.015±0.048 0.592±0.018
500 – 1000 2 – 9 0.919±0.078 0.655±0.042
500 – 1000 10 – 24 1.430±0.057 0.554±0.026
500 – 1000 25 – 80 1.611±0.048 0.446±0.016
Table A.2: The CMS 7TeV results of fits using the Lorentzian parametrization of the wave func-
tion approach (Eq. 1.22) to the R2(Q) function with the mixed events reference sample for three
intervals in kT and three intervals in charged-particle multiplicity in the event. The errors show
the statistical uncertainties [65].
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Appendix B: Details of the peak and tail
of theR2(Q) correlation functions
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Figure B.1: Details of the peak (left) and tail (right) of the R2(Q) correlation functions with the
opposite hemisphere like-sign pairs reference sample for different multiplicity intervals fitted by
the exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with
Ra free (Eq. 1.81) functions. The error bars represent the statistical uncertainties. (First part of
the intervals.)
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Figure B.1 continued: Details of the peak (left) and tail (right) of the R2(Q) correlation functions
with the opposite hemisphere like-sign pairs reference sample for different multiplicity intervals
fitted by the exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ
model with Ra free (Eq. 1.81) functions. The error bars represent the statistical uncertainties.
(Second part of the intervals.)
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Figure B.1 continued: Details of the peak (left) and tail (right) of the R2(Q) correlation functions
with the opposite hemisphere like-sign pairs reference sample for different multiplicity intervals
fitted by the exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ
model with Ra free (Eq. 1.81) functions. The error bars represent the statistical uncertainties.
(Last part of the intervals.)
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Figure B.2: Details of the peak (left) and tail (right) of the R2(Q) correlation functions with
the opposite hemisphere like-sign pairs reference sample for different kT intervals fitted by the
exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra
free (Eq. 1.81) functions. The error bars represent the statistical uncertainties. (First part of the
intervals.)
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Figure B.2 continued: Details of the peak (left) and tail (right) of the R2(Q) correlation functions
with the opposite hemisphere like-sign pairs reference sample for different kT intervals fitted by
the exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with
Ra free (Eq. 1.81) functions. The error bars represent the statistical uncertainties. (Second part of
the intervals.)
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Figure B.2 continued: Details of the peak (left) and tail (right) of the R2(Q) correlation functions
with the opposite hemisphere like-sign pairs reference sample for different kT intervals fitted by
the exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with
Ra free (Eq. 1.81) functions. The error bars represent the statistical uncertainties. (Last part of the
intervals.)
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Figure B.3: Details of the peak (left) and tail (right) of the R2(Q) correlation functions with
the opposite hemisphere like-sign pairs reference sample for different pT intervals fitted by the
exponential WF (Eq. 1.22), Lévy WF (Eq. 1.23), exponential QO (Eq. 1.71) and τ model with Ra
free (Eq. 1.81) functions. The error bars represent the statistical uncertainties.
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In this thesis, Bose-Einstein correlations (BEC) of like-sign charged boson pairs (mainly pi±)
collected by the ATLAS experiment at the Large Hadron Collider (LHC) in 7TeV proton-proton
collisions are analyzed in terms of various parametrizations: the wave function approach, the
quantum optical approach and the τ model. The effect of BEC is experimentaly measured as a
relative enhancement of the production of identical bosons with small 4-momentum differences,
Q =
√−(k1 − k2)2, compared to the case without BEC. In order to see this enhancement, one
constructs the correlation functionC2(Q), which is the ratio of the two-particle probability density
to the product of the single-particle densities.
The wave function (WF) approach assumes a two-boson wave function, which is symmetric
under particle exchange, and chaotic particle emission. These two assumptions lead to the follow-
ing forms of C2(Q) function (for different distributions of the source emission probability, which
is assumed to be spherical in all cases):
C2(Q) = C0
[
1 + λe−Q2R2
]
(1 + εQ) for a radial Gaussian distribution of the source,
C2(Q) = C0
[
1 + λe−QR
]
(1 + εQ) for a radial Cauchy-Lorentz distribution of the source,
C2(Q) = C0
[
1 + λe−(QR)α
]
(1 + εQ) for a symmetric Lévy parametrization of the source.
R is in each case a measure of the width of the corresponding source emission probability distri-
bution representing a source size. λ (idealy equal to unity) is called the incoherence factor and is
introduced to take into account a partially coherent source. Experimentally, the value of λ is also
affected by other effects which reduce the amount of BEC, e.g., the presence of non-pions in the
sample. The factors C0 and (1 + εQ) are introduced in the fitting functions for the experimental
data evaluation. C0 is just a normalization constant, while (1 + εQ) is used to take into account
long-distance correlations which are not included in these approaches (in the ideal case ε = 0).
The quantum optical (QO) approach assumes quantum statistics at high energies and high
multiplicities where the conservation laws as well as the final state interactions can be neglected.
It leads to the following forms ofC2(Q) function (for different distributions of the source emission
probability which is assumed to be spherical):
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C2(Q) = C0
[
1 + 2p(1− p)e−R2Q2 + p2e−2R2Q2
]
(1 + εQ) for a Gaussian source distribution,
C2(Q) = C0
[
1 + 2p(1− p)e−RQ + p2e−2RQ ] (1 + εQ) for a Cauchy-Lorentz source distr.
R, C0 and ε have the same interpretation as in the wave function approach. p is called chaoticity
and is defined as the fraction of particles coming from the chaotic source. One can see, that the
wave function approach C2(Q) functions are just particular cases of the quantum optical approach
C2(Q) functions for λ = p = 1 as well as for λ = p = 0.
The τ model is inspired by the string picture of fragmentation. It assumes a particular form
for the time dependence of the particle emission. It leads to following form of C2(Q) function:
C2(Q) = C0
[
1 + λ cos
(
tan
(
piα
2
)
(QR)2α
)
e−(QR)2α
]
(1 + εQ).
This can be rewritten as
C2(Q) = C0
[
1 + λ cos
(
(RaQ)
2α
)
e−(QR)2α
]
(1 + εQ),
and Ra can be used as a free parameter. This decouples, to some degree, the description of the
anticorrelation region from that of the strong correlations aroundQ = 0. This additional degree of
freedom can improve the fits. The parameters λ, C0 and ε are introduced for the same reason as in
the wave function approach. The R parameter is a width of a proper time distribution introduced
by the time dependence of the particle emission.
The LHC is the largest, as well as most energetic, particle accelerator ever constructed, located
at CERN (European Organization for Nuclear Research). It is a synchrotron type of collider
designed for pp collisions with center of mass energy up to 14 TeV as well as heavy ions collisions.
It has been installed in a 27 km long tunnel, 50 – 175 m below the ground, which had been used
by the Large Electron-Positron collider (LEP) until 2000.
The ATLAS detector is a multipurpose detector located at the LHC designed for a wide range
of physics processes, gathering data from both proton-proton and heavy ion collisions, with its
main focus on protons. It has a cylindrical shape covering the whole space around the collision
point. Reaching 46 m in length and 25 m in diameter, it is the largest volume particle detector ever
constructed. Its resolution of the two particle 4-momentum difference Q, important for the BEC
studies, is about 5MeV for small Q values, while at higher values (> 600MeV) the relative reso-
lution (σQ/Q) is saturated at a level of ∼2%. In the important interval for BEC the Q resolution
does not exceed 20MeV.
In the analysis, the minimum bias events accumulated in 2010 using the Minimum Bias Trigger
Scintillators (MBTS) are used. The dataset consists of∼107 events which passed event selections.
They contain ∼2.1 × 108 tracks in the pseudorapidity range |η| < 2.5 which passed the track
selection criteria. This results in ∼1.8× 109 like-sign charge track pairs.
Experimentally, the two-particle BEC correlation function C2(Q) is given by the ratio of the
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number of like-sign charged pairs N(Q) in the data to the number of pairs in a reference sample,
N ref(Q). The reference sample should be identical to the signal sample except for the absence of
Bose-Einstein correlations. We scale the N ref(Q) distribution to have the same number of entries
as the signal N(Q) distribution to obtain a correct C2(Q) function. We consider several different
types of reference distribution:
• Unlike-sign track pairs distribution, where both tracks are taken from the same event. Unlike-
signed particles are not identical; thus there are no BEC among them.
• Like-sign event mixing distribution, where track pairs are taken from different events.
• Distribution of like-sign track pairs modified by the opposite hemisphere technique, whereby
the momentum space components of one of the two particles are inverted (E, ~p)→ (E,−~p).
• Distribution of like-sign track pairs modified by the rotated track technique, where one track
of the track pair is rotated by pi about the beam axis, i.e. (E, px, py, pz)→ (E,−px,−py, pz).
The sample of unlike-sign pairs is found to be greatly influenced by the decay products of res-
onances. The region of influence overlaps the BEC region (region of small Q values), hence it
cannot be completely excluded from the fit. Comparison of like-sign and unlike-sign pairs af-
ter applying the rotated track technique shows that this technique does not completely destroy
correlations. Mixed events and opposite hemisphere techniques destroy correlations sufficiently,
but they change the Q distribution resulting in a prevalence of high Q values. The correction by
MC solves this problem. Both techniques have been found to work without any limitations for
pair transverse momentum (kT) up to 700MeV and for hadron transverse momentum (pT) up to
500MeV and with some limitations for kT and pT up to 1000MeV. Of these two techniques, the
opposite hemisphere has arbitrarily been chosen to provide the reference sample for the presented
studies.
The parametrizations described above have been used to fit the correlation function with a
MC corrected reference sample created by the opposite hemisphere technique. The fits are carried
out in the Q range of 20MeV – 2GeV. The region below 20MeV is excluded in order to avoid
badly reconstructed or split tracks at very low Q values. The upper Q boundary of the fit is
chosen to be far away from the BEC sensitive region as well as far enough to determine the long-
range correlations. However, none of the parametrizations provides a good fit of the data. This
disagreement is largely caused by the anticorrelation region, which the fit functions cannot follow.
The only function which allows anticorrelations is the τ model fit. The Gaussian parametrizations
of WF as well as QO are by far the worst. Further, the Lévy fitting parameter value α = 0.81 is
smaller than 1, thus the exponential fit is by all means preferred to the Gaussian one in WF. The τ
model fits improve the agreement of the function and data in the anticorrelation and tail regions,
but do not improve the description of the BEC peak.
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The exponential WF fit of the correlation function in the range 0.02 – 2GeV with the opposite
hemisphere like-sign pairs reference sample gives the following results:
R = 2.02± 0.01 (stat.)± 0.28 (syst.) fm
λ = 0.701± 0.006 (stat.)± 0.067 (syst.)
The fitted values of R and λ/p of the exponential WF and QO parametrizations, the Lévy
parametrization of WF and the τ model fit with Ra as a free parameter have also been studied
as functions of the multiplicity, kT and pT. It has been found that the radius R increases with
the event multiplicity. The behavior of R for all WF and QO parametrizations is quite similar.
Even the behavior of λ and p with multiplicity is similar in all rises and falls. Both λ and p
clearly decrease with multiplicity for the low multiplicity intervals. They are consistent with being
constant at high multiplicity, although the errors are too large to determine the exact behavior.
The τ model fit parameters have a bit different behavior, which is expected as they have slightly
different interpretation. Both R and λ clearly increase with multiplicity. They show in general
monotonic behavior with both pT and kT, too (except the R dependence on pT where one cannot
make any strong conclusion).
Because of the fact that the colliding particles are both positively charged, the momentum dis-
tributions of positively and negatively charged tracks differ in both the data and the MC samples.
In general, the fit results for all like-sign pairs lie between the results for just positive or negative
pairs, as expected. The R values are higher for negatively charged pairs.
The leading source of systematic uncertainty is the use of the different Monte Carlo genera-
tors to correct the reference sample. The reason for that is that the Pythia6 MC generator does
not reproduce the data very well. Another large source of systematic uncertainty is the upper Q
boundary of the fit. The higher the upper Q boundary (QU), the better the agreement of the WF
exponential fit function with the BEC peak. In the case of the QO exponential fit, the description
of the BEC peak improves when moving from QU = 2GeV up to QU = 4GeV, while it remains
the same for higher QU. For the Lévy WF fit, there is no clear change in description of the BEC
peak by moving to higher QU. For the τ model fit, the lower the upper Q boundary, the better the
agreement with the BEC peak. The τ model with Ra as a free parameter is the only fit function
which really follows the data, because it is able to describe the anticorrelation region. However,
the χ2/ndf is lower in the cases, when the anticorrelation region is excluded from fit (Lévy WF
and QO exponential fits up to 5GeV). The description of the BEC peak is similar for the τ model
and Lévy WF fits.
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In dit proefschrift worden de Bose-Einstein correlaties (BEC) van geladen boson paren met
gelijke elektrische lading (hoofdzakelijk pi±) zoals gemeten met het ATLAS experiment bij de
Large Hadron Collider (LHC) in 7 TeV proton-proton botsingen geanalyseerd in termen van
diverse parametrisaties: de golffunctie (Wave Function, WF) benadering, de quantum-optische
(QO) benadering en het τ model. Het effect van BEC wordt experimenteel gemeten als een re-
latieve verhoging van de productie van identieke bosonen met kleine 4-momentum verschillen,
Q =
√−(k1 − k2)2, vergeleken met het geval zonder BEC. Om deze verhoging te kunnen
zien, wordt de correlatie functie C2(Q) geconstrueerd. Dat is de verhouding van de twee-deeltjes
waarschijnlijkheidsdichtheid en het product van de een-deeltje dichtheden.
De golffunctie benadering heeft als uitgangspunten een twee-boson golffunctie die symmet-
risch is onder verwisseling van deeltjes gecombineerd met een chaotische emissie van deeltjes.
Deze uitgangspunten leiden tot de volgende vormen van de C2(Q) functie (voor verschillende
verdelingen van de emissiewaarschijnlijkheid van de bron die in alle gevallen bol-symmetrisch
wordt verondersteld):
C2(Q) = C0
[
1 + λe−Q2R2
]
(1 + εQ) voor een radiële Gaussische verdeling van de bron,
C2(Q) = C0
[
1 + λe−QR
]
(1 + εQ) voor een radiële Cauchy-Lorentz verdeling van de bron,
C2(Q) = C0
[
1 + λe−(QR)α
]
(1 + εQ) voor een symmetrische Lévy parametrisatie van de bron.
R is in alle gevallen een maat voor de breedte van de emissiewaarschijnlijkheidsverdeling van
de bron en kan gezien worden als de grootte van de bron. λ (in het ideale geval gelijk aan 1)
wordt de incoherentiefactor genoemd en wordt geïntroduceerd om een niet geheel coherente bron
in rekening te brengen. Experimenteel wordt de waarde van λ ook beïnvloed door andere effecten
die de mate van BEC reduceren, bijv. de aanwezigheid van niet-pionen in het sample. De factoren
C0 en (1+εQ) worden geïntroduceerd in de fitting-functies voor de evaluatie van de experimentele
gegevens. C0 is slechts een normalisatie constante, terwijl (1 + εQ) wordt gebruikt om de lange-
afstands correlaties in rekening te brengen die niet verdisconteerd zijn in deze benaderingen (in
het ideale geval geldt: ε = 0).
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De quantum-optische benadering gaat uit van quantum-statistiek bij hoge energieën en hoge
multipliciteiten waarbij zowel de behoudswetten als de final state interacties kunnen worden ge-
negeerd. Dit leidt tot de volgende vormen voor de C2(Q) functie (opnieuw voor verschillende
verdelingen van de emissiewaarschijnlijkheid van de bron die in alle gevallen bol-symmetrisch
wordt verondersteld):
C2(Q) = C0
[
1 + 2p(1− p)e−R2Q2 + p2e−2R2Q2
]
(1 + εQ) voor een radiële Gaussische verde-
ling van de bron,
C2(Q) = C0
[
1 + 2p(1− p)e−RQ + p2e−2RQ ] (1 + εQ) voor een radiële Cauchy-Lorentz
verdeling van de bron.
R, C0 en ε hebben dezelfde interpretatie als bij de golffunctie benadering. p wordt de chaoticiteit
genoemd en is gedefiniëerd als de fractie van deeltjes die van een chaotische bron komen. Het is
eenvoudig in te zien dat de C2(Q) functies in de golffunctie benadering bijzondere gevallen zijn
van de quantum-optische benadering voor λ = p = 1 en voor λ = p = 0.
Het τ model wordt geïnspireerd door het string plaatje van fragmentatie. Het veronderstelt een
speciale vorm voor de tijdsafhankelijkheid van de deeltjes emissie. Dit leidt tot the volgende vorm
van de C2(Q) functie:
C2(Q) = C0
[
1 + λ cos
(
tan
(
piα
2
)
(QR)2α
)
e−(QR)2α
]
(1 + εQ).
Dit kan worden herschreven als
C2(Q) = C0
[
1 + λ cos
(
(RaQ)
2α
)
e−(QR)2α
]
(1 + εQ).
Waarbij Ra een vrije parameter is. Dit ontkoppelt, tot op zekere hoogte, de beschrijving van het
anti-corrrelatiegebied van dat van de sterke correlaties rond Q = 0. Deze aanvullende vrijheids-
graad kan de fits verbeteren. De parameters λ, C0 en ε worden om dezelfde reden geïntroduceerd
als bij de golffuntie benadering. De R parameter is de breedte van de eigentijd verdeling geïntro-
duceerd door de tijdsafhankelijkheid van de deeltjesemissie.
De LHC bij CERN (Europese Organisatie voor Nucleair Onderzoek) is de grootste en meest
energetische deeltjesversneller die ooit gebouwd is. Het is een synchrotron botsingsringversneller
ontworpen voor proton-proton botsingen met massamiddelpunt energieën tot 14 TeV maar ook
voor botsingen van zware ionen. De LHC is geïnstalleerd in de 27 km lange tunnel, 50-175 m on-
der de grond, die tot het jaar 2000 gebruikt werd voor de Large Elektron-Positron botsingsringver-
sneller (LEP).
De ATLAS detector is een universele detector bij de LHC die is ontworpen om data van een breed
scala aan fysische processen, uiteenlopend van proton-proton botsingen tot zware ionen botsingen,
te kunnen verzamelen (met de nadruk op proton-proton botsingen). ATLAS heeft de vorm van een
cilinder die het botsingspunt volledig omvat. Met een lengte van 46 m en een diameter van 25 m
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is het qua volume de grootste deeltjesdetector ooit gebouwd. De resolutie voor het twee-deeltjes
4-impuls verschilQ, van belang voor het BEC onderzoek, is ongeveer 5 MeV voor kleine waarden
van Q, terwijl bij hogere waarden (> 600 MeV) de relatieve resolutie (σQ/Q) verzadigt op een
niveau van ca. 2%. In het belangrijke gebied voor BEC is de resolutie van Q nergens groter dan
20 MeV.
Voor onze analyse gebruikten we de minimum bias events die in 2010 werden gemeten met
gebruik van de Minimum Bias Trigger Scintillators (MBTS). Het sample bestaat uit ca. 107 events
die de event selecties passeerden. Deze events bevatten ca. 2, 1× 108 deeltjessporen in het pseu-
dorapiditeitsgebied |η| < 2, 5 die door de spoor selectiecriteria kwamen. In totaal ca. 1, 8 × 109
spoor-paren van geladen deeltjes met gelijke elektrische lading.
Experimenteel wordt de twee-deeltjes BEC correlatiefunctie C2(Q) gegeven door de verhou-
ding van het aantal gelijke-lading paren N(Q) in de data tot het aantal paren in een referentie
sample, N ref(Q). Het referentie sample moet identiek zijn aan het signaal sample maar zonder
Bose-Einstein correlaties. Om de correcte waarde voor C2(Q) te krijgen schalen we de N ref(Q)
verdeling zodanig dat het aantal paren in beide samples gelijk is. We beschouwen enkele verschil-
lende referentieverdelingen:
• Verdeling van paren van sporen met verschillend ladingsteken, waarbij beide sporen worden
genomen van hetzelfde event. Deeltjes met verschillende lading zijn niet identiek; er kunnen
dus geen BEC in het spel zijn.
• Verdeling van paren van sporen met hetzelfde ladingsteken waarbij de sporen worden geno-
men van verschillende events.
• Verdeling van paren van sporen met gelijk ladingsteken gemodificeerd volgens de tegen-
overgestelde hemisfeer techniek, waarbij de ruimtelijke componenten van de 4-impuls van
één van de deeltjes wordt geïnverteerd (E, ~p)→ (E,−~p).
• Verdeling van paren van sporen met gelijk ladingsteken gemodificeerd volgens de gero-
teerde spoor techniek, waarbij van één spoor van het paar over een hoek pi wordt gedraaid
om de bundel as, bijv. (E, px, py, pz)→ (E,−px,−py, pz).
Het sample van paren met verschillend ladingsteken blijkt sterk te worden beïnvloed door de
vervalproducten van resonanties. Deze beïnvloeding overlapt het gebied van BEC (gebied van
kleine Q-waarden) en kan dus niet volledig worden uitgesloten van de fit. Vergelijking van paren
met gelijk en ongelijk ladingsteken na toepassing van geroteerde spoor techniek laat zien dat deze
techniek correlaties niet volledig vernietigt. Samenstelling van paren uit verschillende events en
toepassing van de tegenovergestelde hemisfeer techniek vernietigen correlaties in voldoende mate,
maar zij veranderen de Q-verdeling zodanig dat een overmaat aan hoge Q-waarden ontstaat. Dit
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wordt met Monte Carlo (MC) technieken gecorrigeerd. Beide technieken bleken te werken zonder
beperking tot tranverse impulsen van een deeltjespaar (kT) tot 700 MeV en voor hadronische
tranverse impuls (pT) van 500 MeV en met enkele beperkingen tot kT en pT tot 1000 MeV. Van
deze beide technieken is – min of meer willekeurig – de tegenovergestelde hemisfeer techniek
gekozen om in het referentie sample te voorzien voor het hier gepresenteerde onderzoek.
De bovenbeschreven parametrisaties zijn gebruikt om de correlatiefunctie te fitten met een
MC gecorrigeerd referentie-sample gecreëerd met de tegenovergestelde hemisfeer techiek. De fits
worden uitgevoerd voor Q-waarden tussen 20 MeV en 2 GeV. Het gebied onder 20 MeV wordt
uitgesloten om het effect van slecht gereconstrueerde of gesplitste sporen bij zeer lage Q-waarden
uit te sluiten. De bovengrens voor Q in de fit is zo gekozen om ver weg te liggen van het BEC
gevoelige gebied en bovendien ver genoeg om de grote-afstand correlaties te kunnen bepalen.
Echter, geen van de parametrisaties geeft een goede fit van de data. Deze niet-overeenstemming
wordt grotendeels veroorzaakt door het anti-correlatiegebied, wat de fit-functies niet kunnen vol-
gen. De enige functie die anti-correlaties toestaat, is de τ model fit. De Gaussische parametrisaties
van zowel WF als QO zijn veruit de slechtste. Verder is de Lévy fit parameterwaarde α = 0, 81,
dus kleiner dan 1, ergo de exponentiële fit wordt veruit geprefereerd boven de Gaussische in WF.
De τ model fits verbeteren de overeenstemming van functie en data in de anti-correlatie en staart
gebieden maar verbeteren de beschrijving van de BEC piek niet.
De exponentiële WF fit van de correlatiefunctie in het gebied 0,02-2 GeV met de tegenovergestelde
hemisfeer paren van gelijk ladingsteken als referentie sample geeft de volgende resultaten:
R = 2, 02± 0, 01 (stat.)± 0, 28 (syst.) fm
λ = 0, 701± 0, 006 (stat.)± 0, 067 (syst.)
De gefitte waarden voorR en λ/p van de exponentiële WF en QO parametrisaties, van de Lévy
parametrisatie van WF en van het τ model met Ra als vrije parameter zijn tevens onderzocht als
functie van de multipliciteit, kT en pT. Er wordt gevonden dat de straal R stijgt met de event mul-
tipliciteit. Het gedrag van R voor alle WF en QO parametrisaties is zeer vergelijkbaar. Zelfs het
gedrag van λ en p als functie van multipliciteit is onderling vergelijkbaar qua stijgingen en dalin-
gen. Zowel λ als p dalen duidelijk met multpliciteit voor de lage multipliciteitsintervallen. Voor
hogere multipliciteitsintervallen zijn ze consistent met een constante waarde, hoewel de fouten te
groot zijn om het exacte gedrag vast te stellen. De fit parameters van het λ model hebben een iets
ander gedrag, wat te verwachten is gezien de enigszins andere interpretatie. Zowel R als λ stijgen
duidelijk met multipliciteit. In het algemeen tonen de parameters ook een monotoon gedrag met
pT en kT (behalve voor de R afhankelijkheid van pT waar geen duidelijke conclusie kan worden
getrokken).
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Omdat de botsende deeltjes beiden positief geladen zijn, verschillen de impulsverdelingen van
positief en negatief geladen deeltjes zowel in de data als ook in de Monte Carlo samples. In het
algemeen liggen de fit-resultaten voor alle gelijke-lading paren tussen de resultaten van uitsluitend
de positieve of negatieve paren, zoals te verwachten was. De R-waarden zijn hoger voor negatief
geladen paren.
De voornaamste bron van systematische onzekerheid zit in het gebruik van de verschillende
Monte Carlo generatoren om het referentie-sample te corrigeren. De reden daarvoor is dat de
Pythia6 MC generator de data niet goed reproduceert. Een andere grote bijdrage tot de systema-
tische fout is de bovengrens voor Q (QU) in de fit. Hoe hoger deze bovengrens, hoe beter de
overeenkomst tussen de WF exponentiële fit met de BEC piek. Voor het geval van QO exponen-
tiële fit, verbetert de beschrijving van de BEC piek als QU van 2 GeV tot 4 GeV wordt verhoogd,
terwijl die gelijk blijft bij verdere verhoging van QU. Voor de Lévy WF fit is er geen duidelijke
verandering in de beschrijving van de BEC piek bij een hogere waarde van QU. Voor het τ model
geldt hoe lager de bovengrens voor Q, hoe beter de overeenstemming met de BEC piek. Het τ
model met Ra als vrije parameter is de enige fit-functie die echt de data volgt omdat het in staat
is het anticorrelatie gebied te beschrijven. Echter de χ2/ndf is lager in de gevallen waar het an-
ticorrelatie gebied wordt uitgesloten van de fit (WF Lévy en QO exponentiële fits tot 5 GeV). De
beschrijving van de BEC piek is vergelijkbaar voor het τ model en de Lévy WF fits.
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Táto práca sa venuje analýze Bose-Einsteinových korelácií (BEC) na pároch zhodne nabitých
bozónov (hlavne pi±), nameraných experimentom ATLAS v protón-protónových zrážkach na
Vel’kom hadrónovom urýchl’ovacˇi (Large Hadron Collider – LHC) pri energii 7 TeV z hl’adiska
rôznych paramtrizácií: prístup vlnovej funkcie, kvantovo-optický prístup a τ model. Efekt Bose-
Einsteinových korelácií sa v experimente prejavuje ako relatívne posilnenie produkcie identic-
kých bozónov s malými rozdielmi 4-hybností, Q =
√−(k1 − k2)2, v porovnaní s prípadom bez
BEC. Aby sme mohli toto posilnenie pozorovat’, konštruujeme korelacˇnú funkciu C2(Q), ktorá je
podielom dvojcˇasticovej hustoty pravdepodobnosti a jednocˇasticových hustôt pravdepodobnosti.
Prístup cez vlnovú funkciu (wave function – WF) predpokladá dvojbozónovú vlnovú funkciu,
ktorá je symetrická vzhl’adom na zámenu cˇastíc a zdroj s chaotickou emisiou cˇastíc. Tieto dva
predpoklady vedú k nasledujúcim tvarom C2(Q) funkcie (pre rôzne rozdelenia pravdepodobnosti
emisie zdroja cˇastíc, pricˇom vo všetkých prípadoch predpokladáme sféricky symetrický zdroj):
C2(Q) = C0
[
1 + λe−Q2R2
]
(1 + εQ) pre radiálne Gaussovské rozdelenie zdroja,
C2(Q) = C0
[
1 + λe−QR
]
(1 + εQ) pre radiálne Cauchy-Lorentzovské rozdelenie zdroja,
C2(Q) = C0
[
1 + λe−(QR)α
]
(1 + εQ) pre symetrickú Lévyho parametrizáciu zdroja.
Vo všetkých prípadoch je R mierou šírky daného rozdelenia pravdepodobnosti emisie zdroja
a reprezentuje rozmer zdroja. λ (ideálne rovnajúca sa jednej) je nazývaná faktor inkoherencie
a je zavedená, aby funkcie opisovali aj cˇiastocˇne koherentný zdroj. V experimente je jej hodnota
tiež ovplyvnená inými efektmi, ktoré redukujú vplyv BEC, napr. prítomnost’ou iných cˇastíc ako
piónov vo vzorke. Faktory C0 a (1+εQ) sú zavedené na úcˇely vyhodnocovania experimentálnych
dát. C0 je len normalizacˇná konštanta, kým faktor (1+εQ) je zavedený na opis d’alekodosahových
korelácií, ktoré nie sú zahrnuté v použitých prístupoch (v ideálnom prípade ε = 0).
Kvantovo-optický (quantum optical – QO) prístup predpokladá kvantovú štatistiku pri vyso-
kých energiách a multiplicitách, kde môžu byt’ zanedbané zákony zachovania, ako aj interakcie
v konecˇnom stave. Vedie k nasledujúcim tvarom C2(Q) funkcie (pre rôzne rozdelenia pravde-
podobnosti emisie zdroja cˇastíc, pricˇom opät’ vždy predpokladáme sféricky symetrický zdroj):
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C2(Q) = C0
[
1 + 2p(1− p)e−R2Q2 + p2e−2R2Q2
]
(1 + εQ) pre Gaussovské rozdelenie zdroja,
C2(Q) = C0
[
1 + 2p(1− p)e−RQ + p2e−2RQ ] (1 + εQ) pre Cauchy-Lorentzovský zdroj.
R, C0 a ε majú rovnakú interpretáciu ako v prípade prístupu cez vlnovú funkciu. p sa nazýva
chaoticita a je definovaná ako pomer cˇastíc pochádzajúcich z chaotického zdroja k všetkým cˇas-
ticiam. Je zrejmé, že C2(Q) funkcie z prístupu cez vlnovú funkciu sú len špeciálnym prípadom
C2(Q) funkcií z kvantovo-optického prístupu pre λ = p = 1, ako aj pre λ = p = 0.
Takzvaný τ model je inšpirovaný strunovým opisom fragmentácie. Predpokladá špeciálny tvar
cˇasovej závislosti emisie cˇastíc a vedie k nasledujúcemu tvaru C2(Q) funkcie:
C2(Q) = C0
[
1 + λ cos
(
tan
(
piα
2
)
(QR)2α
)
e−(QR)2α
]
(1 + εQ).
Ten sa dá prepísat’ do tvaru
C2(Q) = C0
[
1 + λ cos
(
(RaQ)
2α
)
e−(QR)2α
]
(1 + εQ)
a následne môže byt’ Ra pri fitoch použité ako vol’ný parameter. Toto do urcˇitej miery oddelí
opis oblasti antikorelácií od opisu BEC v okolí Q = 0. Tento dodatocˇný stupenˇ vol’nosti môže
tiež zlepšit’ kvalitu fitov. Parametre λ, C0 a ε sú zavedené z rovnakých dôvodov ako v prípade
prístupu ce vlnovú funkciu. Parameter R je šírka rozdelenia vlastného cˇasu (proper time), ktorý je
zavedený pri opise cˇasovej závislosti emisie cˇastíc.
LHC je najväcˇší, ako aj najenergetickejší urýchl’ovacˇ cˇastíc, aký bol kedy zostrojený, ktorý
je umiestnený v CERN-e (European Organization for Nuclear Research). Je to synchrotrónový
typ urýchl’ovacˇa dizajnovaný pre protón-protónové zrážky pri energiách v t’ažiskovej sústave do
14 TeV, ako aj pre zrážky t’ažkých iónov. Je inštalovaný v 27 km dlhom tuneli, 50 – 175 m
pod zemským povrchom, ktorý bol do roku 2000 používaný Vel’kým elektrónovo-pozitrónovým
urýchl’ovacˇom (Large Electron-Positron collider – LEP).
Detektor ATLAS je viacúcˇelový detektor umiestnený pri urýchl’ovacˇi LHC, dizajnovaný na štú-
dium širokého spektra fyzikálnych procesov, zbierajúci dáta z protón-protónových zrážok, ako aj
zo zrážok t’ažkých iónov, s hlavným zameraním na protóny. Má cylindrický tvar a pokrýva celý
priestor okolo bodu interakcie. S dl´žkou 46 m a priemerom 25 m je to cˇasticový detektor s naj-
väcˇším objemom, aký bol kedy zostrojený. Jeho rozlíšenie na rozdiel 4-hybností dvoch cˇastíc
Q, ktorý je dôležitý pre štúdium BEC, je približne 5 MeV pre malé hodnoty Q, kým pri väcˇších
hodnotách (Q > 600MeV) je relatívne rozlíšenie (σQ/Q) saturované na úrovni ∼2%. V intervale
dôležitom pre BEC nepresahuje rozlíšenie Q hodnotu 20 MeV.
V prezentovanej analýze sú použité tzv. minimum bias eventy, zozbierané v roku 2010 po-
užitím Minimum Bias Trigger Scintillatora (MBTS). Použitá vzorka pozostáva z ∼107 eventov,
ktoré prešli výberovými kritériami. Tie obsahujú spolu∼2, 1×108 trekov v oblasti pseudorapidity
|η| < 2, 5. Tie vytvárajú ∼1, 8× 109 párov trekov s rovnakým znamienkom náboja.
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Experimentálne je dvojcˇasticová BEC korelacˇná funkcia C2(Q) daná pomerom pocˇtu párov
trekov s rovnakým znamienkom náboja v dátach N(Q) a pocˇtu takýchto párov v referencˇnej
vzorke N ref(Q). Referencˇná vzorka by mala byt’ identická so signálnou vzorkou, okrem Bose-
Einsteinových korelácií, ktoré by v nej nemali byt’ prítomné. Rozdelenie N ref(Q) sa škáluje na
rovnakú štatistiku, ako má signálne rozdelenie N(Q), aby sme dostali správnu C2(Q) funkciu.
Uvažovali sme viacero rôznych druhov referencˇných rozdelení:
• Páry trekov s opacˇným znamienkom náboja, kde obidva treky sú z toho istého eventu. Páry
s opacˇným znamienkom náboja nie sú identické, preto medzi nimi nie sú prítomné BEC.
• Event mixing rozdelenie párov trekov s rovnakým znamienkom náboja, kde treky z páru sa
berú z rôznych eventov.
• Rozdelenie párov s rovnakým znamienkom náboja upravené opposite hemisphere tech-
nikou, ktorá otocˇí priestorové zložky hybnosti jedného z páru trekov (E, ~p)→ (E,−~p).
• Rozdelenie párov s rovnakým znamienkom náboja upravené rotated track technikou, ktorá
otocˇí jeden z páru trekov o uhol pi okolo osi zväzku (E, px, py, pz)→ (E,−px,−py, pz).
Bolo zistené, že rozdelenie párov trekov s opacˇným znamienkom náboja je vel’mi ovplyvnené
produktmi rozpadu rezonancií. Oblast’ tohto vplyvu sa prekrýva s oblast’ou BEC (oblast’ malých
hodnôt Q), preto nemôže byt’ kompletne vylúcˇená z fitu. Porovnanie rovnako a opacˇne nabitých
párov trekov po aplikovaní rotated track techniky ukazuje, že táto technika nezruší korelácie kom-
pletne. Techniky mixed events a opposite hemisphere znicˇia korelácie dostatocˇne, ale zmenia
Q-rozdelenie, cˇo vedie k prevahe vysokých hodnôt Q. Korekcia použitím Monte Carlo vzorky
rieši tento problém. Bolo zistené, že obidve tieto techniky fungujú bez akýchkol’vek limitov pre
priecˇnu hybnost’ párov trekov (kT) do 700 MeV a pre priecˇnu hybnost’ hadrónov (pT) do 500
MeV a s nejakými obmedzeniami pre kT a pT do 1000 MeV. Z týchto dvoch techník bola bez
d’alších dôvodov vybraná opposite hemisphere ako hlavná referencˇná vzorka pre štúdie prezento-
vané v tejto práci.
Už opísané parametrizácie boli použité na fitovanie korelacˇnej funkcie s referencˇnou vzorkou
vytvorenou opposite hemisphere technikou a korigovanou MC vzorkou. Fity sú vykonané v Q
interale 20 MeV – 2 GeV. Oblast’ pod 20 MeV je vylúcˇená z fitu, aby sme sa vyhli zle rekonštruo-
vaným trekom alebo falošným trekovým párom pri vel’mi nízkych hodnotách Q. Horná hranica
fitu je vybraná tak, aby bola d’aleko od oblasti citlivej na BEC, ako aj dost’ d’aleko nato, aby za-
siahla oblast’ d’aleko-dosahových korelácií. Avšak žiadna z parametrizácií nefituje dáta dostatocˇne
dobre. Tento nesúlad je z vel’kej cˇasti spôsobený oblast’ou antikorelácií, ktorú fitovacie funkcie
nevedia opísat’. Iba fitovacie funkcie τ modelu zahr´nˇajú antikorelácie. Gaussovské parametrizácie
WF, ako aj QO sú zd’aleka najhoršie. Okrem toho, hodnota parametra fitu v Lévyho parametrizácii
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α = 0, 81 je menšia ako 1, teda exponenciálny fit je rozhodne preferovaný pred Gaussovským
v prístupe cez vlnovú funkciu. Fitovacie funkcie τ modelu zlepšujú súlad dát a funkcie v oblasti
antikorelácií, avšak nezlepšujú opis oblasti BEC.
Fit exponenciálnou parametrizáciou prístupu cez vlnovú funkciu v intervale 0,02 – 2 GeV kore-
lacˇnej funkcie s referencˇnou vzorkou vytvorenou opposite hemisphere technikou z párov s rov-
nakým znamienkom náboja dáva nasledujúce výsledky:
R = 2, 02± 0, 01 (sˇtat.)± 0, 28 (syst.) fm
λ = 0, 701± 0, 006 (sˇtat.)± 0, 067 (syst.)
Hodnoty fitovacích parametrov R a λ/p exponenciálnych WF a QO parametrizácií, Lévyho
WF parametrizácie a τ modelu s Ra ako vol’ným parametrom boli tiež študované ako funkcie
multiplicity, kT a pT. Bolo zistené, že R sa zväcˇšuje s multiplicitou eventu. Závislost’ R od
multiplicity je vel’mi podobná pre všetky WF a QO parametrizácie. Dokonca aj závislosti λ a p od
multiplicity sú podobné vo všetkých rastoch a klesaniach. λ aj p jasne klesajú s multiplicitou pre
intervaly nízkych multiplicít. Pri väcˇšej multiplicite sú konzistentné s konštantou, hoci chyby sú
príliš vel’ké nato, aby bolo možné urcˇit’ presnú závislost’. Fitovacie parametre τ modelu ukazujú
trochu inú závislost’, cˇo bolo ocˇakávané, pretože majú mierne inú interpretáciu. R aj λ jasne
klesajú s multiplicitou. Aj závislostiR a λ/p od pT a kT sú vo všeobecnosti monotónne pre všetky
fitovacie funkcie (okrem závislosti R od pT, kde sa nedá urobit’ žiadny jednoznacˇný záver).
Pretože zrážané cˇastice sú kladne nabité, rozdelenia hybností kladne a záporne nabitých trekov
sa líšia v dátových aj MC vzorkách. Vo všeobecnosti, hodnoty fitovacích parametrov pre všetky
páry trekov s rovnakým znamienkom náboja ležia medzi výsledkami pre len kladne alebo len
záporne nabité páry, ako sa dalo ocˇakávat’. Hodnoty R sú väcˇšie pre záporne nabité páry.
Hlavný zdroj systematickej neistoty pochádza z použitia rôznych Monte Carlo generátorov na
korekciu referencˇnej vzorky. Dôvodom toho je, že Pythia6 MC generátor neopisuje vel’mi dobre
použité dáta. Dˇalším vel’kým zdrojom systematickej neistoty je horná Q-hranica fitu (QU). Cˇím
je QU väcˇšia, tým je lepší súlad WF exponenciálneho fitu s oblast’ou BEC. V prípade QO expo-
nenciálneho fitu sa opis BEC oblasti zlepšuje, ked’ prechádzame od QU = 2 GeV ku QU = 4
GeV, kým pre vyššie QU zostáva rovnaký. Pre Lévyho WF fit nie je vidiet’ žiadnu jasnú zmenu
v opise oblasti BEC, ked’ sa posúvame k vyšším QU. Pre τ model fit je popis oblasti BEC tým
lepší, cˇím je QU nižšie. τ model s Ra ako vol’ným parametrom je jedinou funkciou, ktorá sku-
tocˇne opisuje dáta, pretože je jediná schopná opísat’ oblast’ antikorelácií. Avšak χ2/ndf je aj
tak menší v prípadoch, ked’ je oblast’ antikorelácií vylúcˇená z fitu (Lévyho WF a exponenciálny
QO fit s QU = 5GeV). Opis oblasti BEC je podobný pre fitovacie funkcie τ modelu a Lévyho
parametrizácie prístupu s vlnovou funkciou.
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Figure B.4:
